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ABSTRACT 
Organic waste has been recognised as a major problem in waste management worldwide. Material 
recovery of key value components from organic waste using a series of novel solvents, ionic liquids (ILs), 
has been investigated as a potential sustainable management solution.  
 
The overall aim of the research described in this thesis is to develop novel methodologies based on ionic 
liquid extraction that fractionates and recovers value from organic waste either as a source of energy or as 
a source of feedstock for the chemical and related industries. The results of this investigation are presented 
in terms of: (i) the synthesis and characterisation of ILs, using microwave-assisted methods and 
conventional organic synthesis; (ii) the solubility measurements of key food and food-related components in 
a suite of prepared ILs; (iii) the use of ILs in the recovery of key value components from organic waste 
streams; and (iv) the development and trialling of a novel IL mix as a dual solvent for extraction and 
subsequent conversion of key value components into value-added products in a selected organic waste 
stream.  
 
A suite of eight imidazolium and pyridinium-based ionic liquids is prepared, by microwave-assisted 
technology, and for comparison purposes by conventional organic synthesis methods. The extent of 
solubilities of pure food and food-related components in ‘dry’ conventionally prepared ILs was determined. 
Since the ILs are hygroscopic and can absorb water from the atmosphere, these studies are extended to 
identify any changes in solubility of the waste components in IL:water mixtures with varying water contents 
and in ILs obtained from the rapid synthesis method that are likely to contain higher levels of water than 
those prepared by conventional methods. Ionic liquids demonstrated selective solubility, a property that 
formed the basis of the extraction trials carried out in this research where the extent of extraction capability 
of the ILs was ascertained. These trials demonstrated that ILs can be a powerful tool for extraction and 
recovery of components from organic materials, where the ILs themselves can be recovered in high yield 
for recycle within a closed loop system.   
 
A major organic food-related waste stream is waste cooking oil which represents an attractive alternative 
feedstock for biodiesel production. A particular feature of waste cooking oils, however, is the elevated 
levels of free fatty acids that are produced during the frying process which reduce the effectiveness of the 
traditional transesterification process to produce biodiesel. To address this challenge, the research involved 
a two-step approach: (i) the identification of suitable ILs as extractants for fatty acids and as catalysts for 
esterification reactions on a model system; and (ii) the preparation of a simulated waste cooking oil, derived 
from pure palm oil, for trialling its conversion to fatty acid methyl esters (biodiesel) using an IL mix, as 
extractant and esterification catalyst. HPyrBr/SMIMHSO4 and HPyr/SPyrHSO4 were developed and found 
to exhibit both fatty acid extraction and esterification catalysis properties. Solubility testing of fatty acids and 
their methyl esters in the IL mix showed that the fatty acid extracting property and the ester separation 
mechanism of the IL mix were still preserved.  In conclusion, as well as exploiting the properties of ILs in a 
dual reaction system, with a novel IL mix, a further benefit of the developed process is the ability for the first 
time to conduct the extraction of free fatty acids and their esteriification in a “one-pot” reactor. In all cases, 
the recovered IL and/or IL mix demonstrated the potential for its reuse within the closed loop process.
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1.1 Background 
 
Organic waste has been recognised as a major problem in waste management worldwide. Food 
waste and its packaging, in particular, pose problems and, as a consequence there is a need for 
engagement in integrated sustainable management by producers, waste contractors and other 
stakeholders. Due to the highly heterogeneous and biodegradable nature of food waste, management 
options available for these types of waste have been limited. Typically, technologies employed to 
manage organic waste are incineration with energy recovery and landfilling, while composting has 
also been taken up widely in recent years. 
 
The UK alone generates about 400 million tonnes (Mt) of waste each year, of which, 25% (84 Mt) 
represents commercial and industrial waste and 9% (30 Mt) arises from municipal waste, of which 17 
Mt pa is biodegradable (1). Food waste represents approximately 6 Mt pa in municipal waste and 
approximately 14 Mt pa in commercial and industrial waste, a total of 20 Mt pa in the UK (2).  
 
Driven by the EU Landfill Directive 1999, allowance for disposal of waste, especially the 
biodegradable fraction, into landfill will soon be extremely low and, already, bans of certain types of 
wastes (e.g. tyres) are being imposed. Stakeholders, including governments, waste contractors and 
retailers who are associated with organic waste, are currently trying to establish more sustainable 
methodologies to manage their waste.  
 
The overall aim of the research described in this thesis is to develop novel methodologies based on 
ionic liquid extraction that fractionates and recovers value from organic waste either as a source of 
energy or as a source of feedstock for the chemical and related industries.  
 
In this chapter, the key factors influencing the recovery of value from organic waste are reviewed, 
under the headings: (i) legislation, (ii) UK policy, (iii) nature and composition of organic waste, (iv) 
treatment methods available for organic waste, and (v) use of ionic liquids as a novel approach to the 
treatment of organic waste.  
 
1.2 Legislation 
 
Legislation is the key driver of all activities related to the management of organic waste. The 
legislation either limits or places stringent standards on the disposal of organic waste in landfills 
thereby encouraging the use of alternative treatment methods for the management of the waste. 
Other legislation promotes the use of renewable energy sources giving rise to the potential use of 
organic waste as a source of energy.   
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The different EU Directives relevant to this work are discussed in terms of: waste definition, legislation 
relevant to treatment of organic waste and legislation relevant to renewable energy.  
 
Waste legislation in the UK is derived from European waste legislation, which deals with waste under 
three categories: (i) Horizontal legislation which establishes the framework, the definition and 
principles and the overall requirements for all waste management operation; (ii)  Legislation on waste 
treatment operation detailing controls on specific treatment options and (iii) Legislation pertaining to 
specific waste streams such as Packaging, Waste Electrical and Electronic Equipment (WEEE), 
Animal By-Products, End of Life Vehicles and Batteries (3). 
 
1.2.1 Waste definition 
 
Following implementation of the 1991 EU Framework Directive on Waste, Section 75(a) of the 
Environmental Protection Act 1990, which sets out the definition for waste, was amended by the 
Environment Act 1995 to reflect the new and current definition: 
‘Waste is any substance or object in the categories set out in Schedule 2B to this Act (i.e. EPA90) 
which the holder discards or intends or is required to discard….’ (4) 
More recently, the Waste Directive (2008) (5) provided definitions, for the first time, for the terms 
biowaste and non-waste by-product. 
 
The term biowaste refers to “….biodegradable garden and park waste, food and kitchen waste from 
households, restaurants, caterers and retail premises and comparable waste from food processing 
plants”.  
 
The term non-waste by-product refers to “…A substance or object, resulting from a production 
process, the primary aim of which is not the production of that item, …only if the following conditions 
are met: (a) further use of the substance or object is certain; (b) the substance or object can be used 
directly without any further processing other than normal industrial practice; (c) the substance or 
object is produced as an integral part of a production process; and (d) further use is lawful, i.e. the 
substance or object fulfils all relevant product, environmental and health protection requirements for 
the specific use and will not lead to overall adverse environmental or human health impacts”. 
 
A particular feature of the Directive concerns the “end of waste status” and is defined as: “….certain 
specified waste shall cease to be waste…. undergone a recovery, including recycling, operation and 
complies with specific criteria to be developed in accordance with the following conditions: (a) the 
substance or object is commonly used for specific purposes; (b) a market or demand exists for such a 
substance or object; (c) the substance or object fulfils the technical requirements for the specific 
purposes and meets the existing legislation and standards applicable to products; and (d) the use of 
the substance or object will not lead to overall adverse environmental or human health impacts. The 
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criteria shall include limit values for pollutants where necessary and shall take into account any 
possible adverse environmental effects of the substance or object”. 
 
In the context of this research, and the potential developments arising from the research, a new and 
significant feature of the Directive is the inclusion of the term recovery which, in Annex 5 of the 
Directive, refers to “….any operation the principal result of which is waste serving a useful purpose by 
replacing other materials which would otherwise have been used to fulfil a particular function, or 
waste being prepared to fulfil that function, in the plant or in the wider economy”.    
 
In the UK, classification of waste, according to section 75(4) of the Environmental Protection Act 1990, 
is one of two types: Controlled and Non-controlled waste. Controlled waste includes household, 
industrial and commercial waste and is subject to the Controlled Waste Regulations 1992 (6). 
Household waste includes domestic waste, and waste generated in hospitals, universities, nursing 
homes, prisons, camp sites, public meeting halls, royal palaces etc. Commercial waste refers to waste 
generated in offices, hotels, private garages, government and local government offices etc. Industrial 
waste refers to waste generated in industrial premises, clinical waste, waste oils & solvents, scrap 
metals etc  (4). Domestic waste is defined as waste from a domestic property which is used wholly for 
the purposes of living accommodation (3). Municipal waste is defined in Article 2(b) of the EC Landfill 
Directive as “waste from households, as well as waste which, because of its nature or composition, is 
similar to waste from households” (7). Non-controlled waste refers to those wastes that do not fall into 
controlled waste categories. This includes the majority of agricultural waste and all mine and quarry 
waste which are produced in large tonnages and are subject to separate legislation.  
 
1.2.2 Legislation relevant to treatment of organic waste 
 
The key UK legislation of relevance to the management of organic waste is reviewed under the 
following headings: (i) Waste Framework Directive 2008; (ii) Landfill Directive 1999; (iii) Waste 
Incineration Directive 2000; (iii) Hazardous Waste Directive 1999; and (iv) Animal By-Product 
Regulations 2005. 
 
1.2.2.1 EU Waste Framework Directive 2008/98/EC 
 
The EU Waste Framework Directive 2008 (2008/98/EC) (5) is the latest revised version of the original 
EU Waste Framework Directive (75/442/EEC) which was amended in 1991 (91/156/EEC), in 1996 
(96/350/EC), in 2006 (2006/12/EC), and in 2008.  
 
The EU Waste Framework Directive 2008 requires Member States to bring into force the laws, 
regulations and administrative provisions necessary to comply with this Directive by 12
th
 December 
2010.  The definition of waste has been further amended in the Directive to clarify when waste ceases 
to be waste and what is a by-product.   
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The Directive sets out a five-step hierarchy for waste management options, with emphasis on 
prevention, preparation for re-use, recycling, recovery, and the concept of high energy-efficient waste 
incineration, for example, being included as a recovery operation rather than a disposal operation. 
 
1.2.2.2 EU Landfill Directive 1999/31/EC 
 
The Directive is intended to prevent or reduce the adverse effects of the landfill of waste on the 
environment, in particular on surface water, groundwater, soil, air and human health (7). Landfills are 
categorised into sites for hazardous, non-hazardous and inert wastes to prevent co-disposal of these 
wastes. The Landfill Directive has placed further responsibility on waste producers, and, since 
October 2007, liquid wastes and tyres are completely banned from landfill and non hazardous waste 
must be pre-treated prior to acceptance in any landfill.  
In terms of biodegradable waste, the EU Landfill Directive of 1999 seeks to limit the disposal of 
biodegradable municipal waste (i.e. biodegradable waste collected by local authorities) to landfill in 
order to reduce the total methane emissions. Planned reduction of biodegradable waste is as follows 
(7): 
 Reduction from 1995 levels to 75% of the 1995 level by 2006 
 Reduction from 1995 levels to 50% of the 1995 level by 2009 
 Reduction from 1995 levels to 35% of the 1995 level by 2016 
 
Those countries landfilling more than 80% of their municipal waste in 1995 (including the UK) were 
allowed to take advantage of a 4-year derogation to extend the time to meet the objectives of the 
Directive, to 2010, 2013 and 2020 respectively. WRAP has estimated that the UK will have to divert 
around 10 million tonnes of municipal biodegradable waste from landfill by 2013 (8).  
 
The Directive is transformed into UK legislation through the Landfill (England and Wales) Regulations 
2002 (9) which have been subject to a number of amendments, the most recent of which, in 2005 (10), 
completes the implementation, in England and Wales, of Council Decision 2003/33/EC establishing 
‘the waste acceptance criteria’ to be met by monolithic waste. One of the major requirements is the 
limit on Total Organic Carbon (TOC) as representing no more than 6% of waste. Derogations to this 
limit are allowed for waste, that can be shown to be within the limit for Dissolved Organic Carbon 
(DOC), and, for the operator, who has shown that it is not possible or practicable to separate out the 
component of the waste stream causing elevated organic content, or to treat the waste to reduce its 
organic content below the limit.    
 
1.2.2.3 EU Waste Incineration Directive 2000/76/EC 
 
The Directive, which aims to minimize the negative impacts on the environment and human health 
resulting from emission to air, soil, surface and groundwater from the incineration and co-incineration 
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of both hazardous and non-hazardous waste, is implemented in England and Wales through the 
Waste Incineration (E&W) Regulations 2002 (11). 
 
The Directive defines an incineration as “…thermal treatment of waste with or without recovery of the 
combustion heat generated….” whereas co-incineration is “…generation of energy or production of 
material products which uses waste as a regular or additional fuel or, in which waste is thermally 
treated for the purpose of disposal….” (12). Thermal treatment in this context includes both 
incineration/combustion and other treatments such as pyrolysis and gasification, and refers to a 
process that results in an irreversible change to the chemical structure of the original waste (12). 
Under these regulations all new plants (including alternative treatment processes such as pyrolysis 
and gasification) and all existing plants must comply with the Waste Incineration Directive’s 
requirements for operation and emissions standards. 
 
Process conditions are restricted in order to guarantee complete waste combustion. Gas temperature 
must be kept at 850°C for at least 2 seconds for all types of incineration or co-incineration plants. With 
plants incinerating hazardous waste with more than 1% content of halogenated organic substances 
(expressed as chlorine), the condition temperature has to be raised to 1100°C for at least 2 seconds. 
Emissions from incineration plants and co-incineration plants are set out in Annexes V and II of the 
Directive, respectively. 
 
1.2.2.4 EU Hazardous Waste Directive 1991/689/EEC 
 
The EU Hazardous Waste Directive 1991 (13) redefines hazardous waste as waste with one or more 
of fifteen specified characteristics pertaining to physical, chemical and biological properties viz. 
explosive, oxidizing, highly flammable, flammable, irritant, harmful, toxic, carcinogenic, corrosive, 
infectious, teratogenic, mutagenic, ecotoxic i.e. substances and preparations (i) which release toxic or 
very toxic gases in contact with water, air and/or acid, (ii) capable by any means, after disposal, of 
yielding another substance with any of the listed properties, and (iii) which present or may present 
immediate or delayed risks for one or more sectors of the environment.    
 
Compliance with the Hazardous Waste Directive is effected through the Hazardous Waste (E&W) 
Regulations 2005 (14) which provide for the controlled management of hazardous waste from the 
point of production to the final point of disposal or recovery. These regulations should be read in 
conjunction with the List of Waste Regulations 2005.  
 
1.2.2.5 EU Animal By-Product Regulation EC 1774/2002 
 
The EU Animal By-Products Regulation EC (1774/2002) which controls the collection, transport, 
storage, handling, processing and use or disposal of animal by-products in EU Member States, is 
implemented in England through the Animal By-Product Regulations 2005 (15).  
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Animal By-Products are defined as “animal carcases, parts of carcases or products of animal origin 
that are not intended for human consumption” (15). This includes “catering waste, used cooking oil, 
former foodstuffs, butcher and slaughterhouse waste, blood, feathers, wool, hides and skins, fallen 
stock, pet animals, zoo and circus animals, hunt trophies, manure, ova, embryos and semen” (15).  
 
The Regulations divide Animal By-Products into three categories and stipulate the means of collection, 
transport, storage, handling, processing and use for disposal for each category. The three categories 
are: Category 1 (such as brain and spinal cord) are considered as high risk materials, and need to be 
treated in high-temperature systems, preferably by incineration; Category 2 includes animal by-
products from food-processing, as well as residues from healthy animals not intended for human 
consumption; and Category 3 includes food for human consumption such as catering waste from 
commercial kitchens or household biowaste.  
  
Materials in categories 2 and 3 can be used as feedstock for composting and biogas fermentation 
provided that they follow certain operating conditions (process duration, temperature and particle size) 
as determined by a risk assessment.  Alternative methods for the treatment of catering waste that are 
also approved by the Regulations include: alkaline hydrolysis, high pressure/high temperature 
hydrolysis, high pressure hydrolysis, biogas processes, biodiesel production, Brookes gasification 
processes and combustion of tallow in a thermal boiler.  
 
1.2.3 Legislation relevant to renewable energy 
 
Key legislation encouraging the use of renewable energy sources instead of fossil fuels is reviewed, 
concerning: (i) Biofuel Directive; and (ii) EU Renewables Directive 2009. 
 
1.2.3.1 EU Biofuel Directive 2003/30/EC 
 
The Directive (Directive on the promotion of the use of biofuels or other renewable fuels for transport), 
better known as the Biofuel Directive, aims at “promoting the use of biofuels or other renewable fuels 
to replace diesel or petrol for transport purposes in each Member State” (16). It requires Member 
States to voluntarily set national indicative targets to achieve minimum proportion of biofuels and 
other renewable fuels used in transport purposes where there were no legal obligations to achieve 
these targets. Initial targets of minimum shares of biofuels in markets were set at: 2%, calculated on 
the basis of energy content of all petrol and diesel for transport purposes placed on their markets by 
31 December 2005; and 5.75%, by 31 December 2010. Products considered as biofuels in the 
Directive are: bioethanol, biodiesel, biomethanol, biodimethylether, bioethyl-tertio-butyl-ether (bio-
ETBE), biomethyl-tertio-butyl-ether (bio-MTBE), synthetic biofuels, biohydrogen and pure vegetable 
oil.  
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In the UK, the Biofuel Directive is transposed into the Renewable Transport Fuel Obligation (RTFO) 
that requires road transport fuel suppliers to ensure that a minimum proportion of their fuels are from 
renewable sources with a target of at least 5% of the volume of fuel consumed in the UK by 2010 (17). 
The 5% target to replace fossil fuels with renewable sources means that an equivalent of 
approximately 1 million tonnes of carbon savings can be made (18). 
 
1.2.3.2 EU Renewables Directive 2009/28/EC 
 
The EU Renewables Directive 2009/28/EC (19) sets a 2020 target of sourcing 20% of gross electricity 
consumption through renewable resources for Member States. The Renewables Obligation Order (20) 
was introduced in 2002 (amended in 2006) to transpose the EU Renewables Directive. The objective 
of the Renewables Obligation Order 2009 (amended 2010) was to create a market in tradable 
renewable energy certificates through which each supplier of electricity must demonstrate compliance 
with increasing Government targets for renewable electricity generation. Renewables Obligation 
Certificates (ROCs) are awarded to accredited generators of eligible renewable electricity produced 
within the UK including solar energy, hydropower, wave power and biofuels (including energy from 
crops). Suppliers must either obtain ROCs sufficient for their obligation target or may purchase ROCs 
through a tradable scheme, or pay a ‘buyout price’ for the difference between the statutory obligation 
and the quantity of ROCs. Electricity generated from mixed waste only counts towards the ROCs if it 
is converted either through landfill gas or through the use of advanced technologies such as 
anaerobic digestion, gasification or pyrolysis. The ROCs system provides support to accredited 
generators of eligible renewable electricity for electricity produced from the biomass content of waste 
treated in gasification, pyrolysis, anaerobic digestion and good quality combined heat and power 
plants.  Furthermore, energy from waste plants is exempt from the Climate Change Levy, recognising 
the renewable fraction of waste.  
 
1.3 UK policy 
 
This section deals with those aspects of UK policy that impact the treatment of the organic fraction of 
municipal solid waste (MSW), in particular, food waste, and those drivers that encourage both the 
development of technologies that recover value from waste and the use of renewable energy sources. 
The relevant UK policies discussed briefly are: (i) Waste Strategy; (ii) Energy and Materials Strategy; 
and (iii) The Courtauld Commitment. 
 
1.3.1 Waste strategy 
 
Following the Environment Act 1995, the Waste Strategy for England and Wales 2000 was developed 
to meet the Landfill Directive targets. The subsequent Waste Strategy for England 2007 was 
introduced to address more ambitious targets. 
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Waste Strategy 2000 not only encouraged an integrated approach to waste management and 
development of alternative recovery technologies for waste but  also set out: (i) how each sector could 
contribute to achieving the aims and targets for reducing waste over a given time period; (ii) reduction 
targets for industrial and commercial waste arisings and the level of biodegradable municipal waste to 
landfill; and (iii) targets for improvement in recycling and composting of household waste and value 
recovery of municipal waste. 
 
Waste Strategy 2007 (21) is based on the waste hierarchy with the normal preferential sequence 
being waste prevention, reuse, recycle and composting, energy recovery and final disposal. A greater 
focus on waste prevention is sought through a new target to reduce the amount of household waste 
not re-used, recycled or composted from over 22.2 Mt in 2000 by 29% to 15.8 Mt in 2010 with an 
aspiration to reduce it by 45% to 12.2 Mt in 2020.  Specifically targets have been set to increase 
recycling and composting of household waste by at least 40% by 2010, 45% by 2015 and 50% by 
2020; and recovery of municipal waste by 53% by 2010, 67% by 2015 and 75% by 2020. 
 
Food waste was one of the key waste materials identified where diversion from landfill could result in 
significant environmental benefits, although the target action in the strategy was to support anaerobic 
digestion through the New Technologies Demonstrator Programme (22) and the Renewables 
Obligation Order. 
 
1.3.2 Energy and materials strategies 
 
1.3.2.1 UK Biomass Strategy 2007 
 
The UK Biomass Strategy (2007) provides a framework for the sustainable development of biomass 
for heat and power, transport fuels and industrial products. Biomass has been recognised as a key to 
achieving the EU target of 20% renewable energy by 2020 and 60% cut in carbon dioxide emissions 
by 2050 (23). In order to increase the sustainable source of biomass supply, the strategy also 
recognises organic wastes such as waste wood, manures and slurries as a source of biomass for 
energy recovery. The use of biomass as fuel source for heat, electricity and transport is already 
incentivised by the Renewables Obligation, the Renewable Transport Fuel Obligation and grants 
towards the capital costs of heat and combined heat and power (CHP).  
 
1.3.2.2 Renewable Energy Strategy  
 
The UK Government, through its UK Low-Carbon Transition Plan (24), sets out its long-term strategy 
to radically cut the nation's carbon emissions by 2020. DECC's Renewable Energy Strategy 2009 (25) 
underpins this Transition Plan and seeks to address the need for a dramatic change in renewable 
energy use in electricity, heat and transport; a reduction in the UK’s emissions of CO2 by over 750Mt 
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between now and 2030; and promotion of the security of the UK’s energy supply by reducing overall 
demand on fossil fuel and gas imports by 2020. 
 
Part of the Government’s energy strategy is to use initiatives such as Renewable Obligation 
Certificates (ROCs) to encourage a variety of energy recovery technologies to treat organic residual 
wastes in a way that provides the greatest benefit to energy policy. Recovering energy from waste 
which cannot sensibly be recycled is an essential component of a well-balanced energy policy.   
 
Biomass is recognised as a resource of renewable energy to produce bioenergy through combustion 
to generate heat, or conversion into biogas by anaerobic digestion or gasification or conversion into 
biodiesel or bioethanol. Food waste and waste wood are recognised as an under-used waste biomass 
source which can contribute significantly to the renewable energy targets.  
 
1.3.3 The Courtauld Commitment 
 
The Courtauld Commitment was set up by Waste and Resource Action Programme (WRAP) in July 
2005 to address the key waste issues of: food waste, packaging waste and biodegradable packaging.  
It is an agreement between WRAP and major UK grocery retailers, and, at the time, set the following 
objectives (26): 
 
 Design out packaging waste growth by 2008;  
 Deliver absolute reductions in packaging waste by 2010; 
 Help reduce the amount of household food waste by 100,000 tonnes by 2008; and 155,000 
tonnes by March 2010 (against a 2008 baseline). 
 
So far, 92% of UK grocery retailers (more than 35) have voluntarily joined the agreement. Since its 
launch in 2005, WRAP has achieved zero growth in packaging waste and a reduction of 100,000 
tonnes of household food waste in 2008 which has fulfilled its targets set out originally. 
 
1.4 Nature and composition of organic waste 
 
Organic wastes are defined as those materials containing carbon fractions (27). Examples include 
paper, green waste, catering and kitchen wastes and plastic. Organic wastes exist in various waste 
streams. In the UK, for example, organic wastes include 450,000t of waste tyres (of which 90% is 
organic) (28), 10.7Mt of packaging waste (29), and 250,000t from waste electrical and electronic 
equipment (30). In this section composition and characteristics of organic waste, and specifically food 
waste, are discussed. 
 
CHAPTER 1         Pajaree Kewcharoenwong 
 
32 
1.4.1 Waste composition 
 
The total waste arisings in the UK are estimated to be 335Mt (1), of which 25% represents industrial 
and commercial waste and approximately 9% is household waste (Figure 1-1).  
 
Municipal Solid Waste (MSW), defined as waste collected by the local authority, consists mainly of 
household waste but may include municipal parks’ waste, garden waste, commercial and industrial 
waste as well as waste resulting from the clearance of fly-tipped materials. MSW comprises an 
organic and inorganic fraction (Table 1-1), of which the major fraction – the organic - can be further 
categorised as biodegradable waste and non-biodegradable waste (such as tyres and plastics), 
where biodegradable waste is often described as waste that undergoes natural decomposition 
process without human intervention. The most common forms of biodegradable waste include garden, 
paper, cardboard and kitchen waste. Some organic wastes may also be classified as hazardous.  
 
Figure 1-1 Total waste arisings in the UK by sector (1) 
 
The UK MSW arisings are expected to increase to 51.1Mt in 2020 (against the 2005 level of 38.2Mt), 
with the recycling and composting of MSW anticipated to increase to 23.2Mt (against the 2005 level of 
9.3Mt), in the same period, whilst the biomass fraction of the remaining “residual” waste is expected 
to decrease to 17.2Mt by 2020 (against the 2005 level of 18.8Mt) (31). (Note that biomass refers to 
“…..the biodegradable fraction of industrial and municipal waste” (19)).  
 
With statistics based primarily on collected waste streams or sectors rather than on the characteristics 
of the waste such as biodegradability, it is difficult to quantify specifically the levels of organic and 
biodegradable wastes. From the composition of MSW, it can be estimated that 68% of MSW waste is 
biodegradable (Table 1-1). WRAP estimated the annual organic waste arisings in the UK to be 25Mt 
(8), and Table 1-2 shows that fraction arising from municipal, industrial and commercial sources. It 
should be noted, however, that the estimate does not include plastic waste and so the figures can be 
interpreted as attributable to the biodegradable waste fraction. It has been estimated that the 
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biodegradable fraction of household, commercial and industrial waste is 55%, 36% and 28% 
respectively (1). 
 
Table 1-1 Composition of MSW in England and Wales 
Waste type (%) 
Paper/card 19 
Putrescible 42 
Textiles 3 
Fines 3 
Miscellaneous combustible 8 
Miscellaneous non-combustible 4 
Metal 7 
Glass 7 
Plastics 7 
Biodegradable fraction 68 
 
Table 1-2 UK organic waste arisings by stream (8) 
 Municipal 
Commercial 
& Industrial 
Total 
Kitchen/food 6.1 5.7 11.8 
Garden 6.4 4.2 10.6 
Other 0 2.6 2.6 
Total 12.5 12.5 25 
 
1.4.2 Characteristics of organic waste 
 
The organic fraction of MSW has an intrinsic energy content (expressed as its calorific value) which is 
strongly dependent on the waste source and composition. Calorific value is an important indicator in 
determining how much energy can be generated and recovered from a waste stream. Since MSW 
contains a mixture of materials with different calorific values, carbon and moisture content, the overall 
characteristics of waste will be the average of these values of the individual materials. The overall 
characteristics of MSW are shown in Table 1-3. Typically, the calorific value of MSW is 10.6 MJ/kg 
which compares with the value of 30MJ/kg for coal and 42 MJ/kg for fuel oil.  
 
Table 1-4 and Table 1-5 show the proximate and ultimate analyses of materials typically found in 
municipal waste stream (3).  Proximate analysis gives information on moisture content, volatile 
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content, fixed carbon content (after being heated to 950°C) and ash content of the sample. The 
ultimate analysis gives information on composition of the sample in wt% of carbon, hydrogen, oxygen, 
sulfur and nitrogen. Typically, organic waste fractions have a carbon content ranging from 30% to 
80%. Food waste has a carbon content of 50% and a carbon to nitrogen (C:N) ratio of 12:1 as quoted 
for food waste collected from HMP Morton Hall) (32).  
 
Table 1-3 Ultimate Analysis and Energy Value of MSW (33) 
Material % by Weight 
MSW is a biofuel in its own right, helps conserve 
energy sources and can provide heat or power 
at reduced CO2 emission levels & through an 
EfW combustion process can achieve savings 
of: 
Carbon 24.0 
Hydrogen 3.2 
Oxygen 15.9 
Nitrogen 0.7 
Sulfur 0.1 
Water 31.2 
Chlorine 0.7  
 
1t MSW is 
equivalent to 
 
Ash and inerts 24.2 2.5t steam 
Net calorific value 10.6MJkg
-1
 30t of hot water 
Moisture 31.2w/w 200kg of oil 
Combustibles 44.6w/w 500kWh electricity 
Inerts 24.2w/w  
Source: Adapted from Energy from Waste – A Good Practice Guide (CIWM 2003) 
 
Table 1-4 Proximate analysis of MSW stream data (3) 
Component 
Moisture 
(%) 
Volatiles 
(%) 
Fixed Carbon 
(%) 
Ash 
(%) 
Paper – Mixed 10.24 75.94 8.44 5.38 
Vegetable food waste 78.29 17.10 3.55 1.06 
Fried Fats 0.00 97.64 2.36 0.00 
Meat Scraps (cooked) 38.74 56.34 1.81 3.11 
Rags 10.00 84.34 3.46 2.20 
Polystyrene 0.20 98.67 0.68 0.45 
Vacuum Cleaner Dirt 5.47 55.68 8.51 30.34 
 
Components with relatively high calorific value have low moisture contents and are high in volatiles 
and carbon (Table 1-6). In the table, food waste, as fried fats, is shown to have a calorific value of 
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38.30MJ/kg (cf. natural gas which has a calorific value of approximately 43MJ/kg), whereas, 
macerated mixed food waste can have a calorific value ranging from 5MJ/kg (as received food waste 
with 76% water content) to 21MJ/kg (dried food waste) (32). Details of calorific values of food waste 
with various water contents are presented in Figure 1-2 and Appendix A. 
 
Table 1-5 Ultimate analysis of MSW stream data (3) 
Component 
Carbon 
(%) 
Hydrogen 
(%) 
Oxygen 
(%) 
Nitrogen 
(%) 
Sulphur 
(%) 
Paper – Mixed 43.41 5.82 44.32 0.25 0.20 
Vegetable food waste 49.06 6.62 37.55 1.68 0.20 
Fried Fats 73.14 11.54 14.82 0.43 0.07 
Meat Scraps (cooked) 59.59 9.47 24.65 1.02 0.19 
Rags 55.00 6.60 31.20 4.12 0.13 
Polystyrene 87.10 8.45 3.96 0.21 0.02 
Vacuum Cleaner Dirt 35.69 4.73 20.08 6.26 1.15 
Source: Adapted from Williams, 2005 
 
Table 1-6 Calorific value of MSW stream (3) 
Component 
Potential Value of Waste Stream 
expressed as Calorific Value (MJ/kg) 
As-received Dry Moisture/Ash Free 
Paper - Mixed 15.75 17.53 18.65 
Food waste – Fried Fats 38.30 38.30 38.30 
H/H waste - Polystyrene 38.02 38.09 38.23 
Source: Adapted from Williams, 2005 
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Figure 1-2 Calorific values of macerated food waste at various water contents 
 
In terms of food waste, the UK currently produces 18-20Mt per year, with food and drink waste from 
the domestic and retail sectors representing the largest contribution (8.3Mt) to the overall arisings 
(Table 1-7) (34).  Food waste, although representing only 6% of the UK’s total waste arisings, 
presents a major challenge in terms of both diversion from landfill and value recovery.   
 
Table 1-7 UK food waste (34) 
Sector Waste generated (Mt/year) 
Domestic 6.7 
Retail 1.6 
Food Manufacture 4.1 
Food service/restaurants 3 
Agriculture 3.5 
Total 18-20 
 
Household food and drink waste are made up of various types of food group (Figure 1-3 ). Of the 
8.3Mt of food waste estimated by WRAP, 70% (5.8Mt) is collected by local authorities with the rest 
being disposed of via the sewer (34).  
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Figure 1-3 Composition of food and drink waste by weight (34) 
 
In the UK, the vast majority of food waste is landfilled, generating methane which is one of the most 
potent greenhouse gases (GHG), contributing to climate change. It is estimated that 20% of the UK 
GHG emissions can be attributed to the production, distribution, storage and waste of food (34). 
WRAP has calculated that reducing waste solely in the domestic sector has the potential to avoid 
20Mt CO2 emissions per year (35).  
 
With the EU Landfill Directive providing a further driver to address the issue of food waste, with 
targets for the UK to reduce the quantity of biodegradable waste sent to landfill to 50% of 1995 levels 
by 2013, there is a compelling economic and environmental case to find alternative methods of food 
waste treatment. 
 
WRAP introduced its ‘Love Food Hate Waste’ campaign to raise awareness of consumers of the need 
to reduce the amount of food that is thrown away. A target was set to achieve a reduction of 250,000t 
of consumer food waste by March 2011. Since 2005 major retailers have also been encouraged and 
supported to reduce household food waste through the Courtauld Commitment.  
 
Non-household food waste, represented by the food manufacturer and catering sector and agricultural 
sources, accounts for approximately 10-11Mt (35). The Food and Drink Federation (FDF) launched 
the Five-fold Environmental Ambition in October 2007 setting out the industry’s targets to reduce the 
industry’s CO2 emissions, water use, packaging and food waste, and food transport. 
 
1.5 Treatment methods for organic waste 
 
Three generic types of technology can be used to divert organic wastes from landfill and provide 
potential for recovering value from waste, namely: thermal, biological and chemical methods. 
Currently, the most widely used methods are the thermal method of incineration and biological 
methods such as composting and anaerobic digestion. 
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1.5.1 Thermal methods 
 
Thermal treatment refers to all processes involving the use of heat to break down waste. The 
common feature of thermal methods is that they operate at elevated temperatures to convert organic 
matter into simpler components and release the energy content of the organic materials (including 
wastes) in the form of heat or combustible gases along with liquid or solid residues depending on the 
process involved. These processes require an initial heat supply to start up the energy recovery 
reaction and the residues from the process are mainly ashes and gaseous emissions. 
  
The types of thermal methods that are available include: (i) incineration with energy recovery; (ii) 
advanced conversion technologies such as gasification, plasma gasification and pyrolysis and; (iii) 
autoclaving.  Although all of the technologies discussed are energy from waste technologies, in which 
energy is recovered as electricity and/or heat, the term EfW has commonly been associated with the 
process of incineration with energy recovery.  
 
1.5.1.1 Incineration with Energy Recovery 
 
Incineration is the combustion of untreated organic wastes (including MSW) in sufficient oxygen to 
convert the carbon and hydrogen contents of the organic material to carbon dioxide and water 
respectively at high temperatures. Heat is produced because the oxidation of the hydrocarbons 
present is an exothermic reaction. Incineration is a two-step oxidation process involving: (i) partial 
oxidation of the carbon content of the waste to combustible gases in an oxygen deficient atmosphere, 
and (ii) subsequent oxidation of the combustible gases in an oxygen-rich atmosphere.  
 
If sulfur or nitrogen is present in the wastes these will oxidise to SOx and NOx respectively. Any non-
combustible materials in the waste remain in the residual solid bottom ash, which also contains a 
small amount of residual carbon.  
Modern incineration plants are fully equipped with efficient combustion systems, gas clean-up devices 
and energy recovery units, and apart from a small residual percentage of carbon contained in the 
residual ashes of the combustion, all of the chemical energy contained in the waste is converted to 
thermal energy such that recovery of energy from incineration involves both use of the heat produced 
and electricity generation. 
 
1.5.1.2 Advanced conversion technologies 
 
The thermal treatment methods of gasification, plasma gasification and pyrolysis are referred to as 
advanced conversion technologies that can be used to recover energy from biomass in the form of 
gaseous, liquid and solid fuels.  
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Gasification 
 
Gasification is a process that involves the reaction of hot organic materials in air or steam in a less 
than stoichiometric oxygen atmosphere in an enclosed reactor at temperatures ranging from 450°C-
1200°C (3). The majority of carbon in the waste is converted to combustible gaseous products that 
result from the break-down of organic molecules in the waste leaving an inert residue. The thermo-
chemical conversion of the solid waste in gasification results in a hydrogen-rich gas containing carbon 
monoxide leaving an inert residual solid ash, if the temperature used is at the low end of the range, 
and an inert slag, if the temperature is at the high end of the range. The product gas (syngas) is used 
either as a fuel or as a synthesis mixture for the catalytic production of organic chemicals. The exact 
composition of the product gases depends on the precise nature of the operating conditions. For 
example, maximum hydrogen production is achieved by using steam as the gasifying agent. If 
oxygen-enriched oxidation conditions are employed in the gasification process, calorific values up to 
15MJ/Nm
3
 can be achieved while values of 15-20MJ/Nm
3
 can be obtained in steam gasification. 
(Natural gas has a calorific value of about 39MJ/Nm
3
). Most types of organic waste are suitable as 
feedstock for gasification including high moisture sludge, MSW, food waste, plastics, tyres, abattoir 
waste, and toxic waste. Gasification of MSW in air gives a mixture of gases with a calorific value of 
about 10 MJ/Nm
3
. A typical gaseous product mixture derived from MSW is shown in Table 1-8.  
 
Table 1-8 Typical composition of fuel-gas from MSW (33) 
Gas Composition (%) 
CO 10 
CO2 16 
H2 7 
CH4 5 
CxHy 4 
N2 54 
Source: Adapted from CIWM Energy from Waste – A Good Practice Guide, 2003 
 
Plasma Gasification 
 
Plasma gasification is an emerging thermal treatment technology which has received considerable 
attention because it avoids the difficulties associated with incineration.  Plasma is a term given to a 
gas that has been ionised by heating it to an extremely high temperature, usually in excess of 5000°C 
(36), prior to passing a very high voltage through the gas to break down its insulating properties, 
thereby making it conductive. Once a gas becomes conductive, electrical discharge heats up the gas 
and forms plasma.   
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In plasma gasification of waste, the process involves the use of plasma arc temperatures of up to 
20,000°C to decompose the organic materials in a lean oxygen atmosphere leading to a combustible 
gas mixture. Post gasification, treatment of the product gases to remove impurities involves: (i) 
quenching the mixture to 650°C to prevent the formation of dioxins and to remove particulates, (ii) 
catalytic reduction to remove NOx, (iii) collection of metals volatilised in the process, and (iv) 
scrubbing to remove acid gases (36). Hydrochloric acid in the gas is scrubbed out forming a dilute 
acid solution, which can be cleaned and concentrated.   
 
The high energy and temperatures associated with thermal plasmas in gasification lead to fast 
reaction times, rapid start up conditions, and the potential of large feedstock throughputs in small 
reactors. For many years, plasma gasification has been recognised as an effective method for 
destroying hazardous waste, but its uptake as a means of treating MSW has been hampered not only 
because of the high consumption of electricity in plasma production, but also because of the problems 
associated with variable feedstock which may alter the quality and content of the syngas produced 
(37).  
 
Pyrolysis 
 
Pyrolysis involves heating of carbon-rich material to achieve thermal degradation of that material at 
temperatures of 450°C–600°C in the absence of oxygen and under pressure (3). The process, 
through a combination of thermo-cracking and condensation reactions, transforms organic materials 
into: (i) gaseous products of medium calorific value; (ii) liquid oils and; (iii) solid residue.  
 
The typical net calorific value of the gases produced in a pyrolysis reaction is 10–20 MJ/Nm
3
.  The 
solid residue is a char containing up to 40% carbon and can be used as a fuel in operations such as 
coal-fired power plants and cement rotary kilns, or alternatively converted to activated carbon. The 
pyrolytic oil formed in the process could be refined to permit its use as a fuel in engines, turbines, 
boilers etc but this refinement is usually uneconomic. 
 
The advantages of pyrolysis are that it is a medium temperature technique for which, no oxygen 
supply is required.  It can be applied to many types of waste and can operate on a small scale plant 
although its application for MSW generally requires the waste to be pre-sorted. 
 
1.5.1.3 Autoclaving 
 
Autoclaving or steam technology has been used to treat infectious waste and sterilise medical 
instruments in hospitals for over a hundred years (38). More recently, there has been increasing 
interest in adapting the technology for the treatment of organic waste, particularly as a pre-treatment 
step to other processes. 
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Autoclaving involves subjecting unsorted mixed solid waste with steam under high pressure and at a 
temperature of over 140°C in a vessel. The vessels are rotated to ensure thorough mixing of waste to 
create a homogeneous product, and at the same time, to provide a uniform distribution of heat 
through the waste. The process sterilises the inorganic fraction and leads to the breakdown of the 
organic fraction of the waste into a sterilised fibrous biomass, which can be used as a refuse-derived 
fuel (38). The technology also cleans and separates recyclable materials such as plastics, glass and 
metals, and is especially useful for food containers in a process where micro-organisms are killed and 
labels are removed, leaving the bare materials ready for recycling. 
 
Autoclaving steam technology offers the potential to treat unsorted mixed waste. The end product of 
steam treatment is clean biomass fibre that can be used as a green energy source, in land 
remediation or, if washed, as paper pulp (38). This is in contrast with other treatment options such as 
Mechanical Biological Treatment (MBT), where fractions of recyclables (plastics and metal) are left in 
the organic fraction thus lowering the quality of the end product.  
 
1.5.2 Biological methods 
 
A common feature of biological methods is that microbial activity is employed to break down waste 
organic materials into useful and environmentally stable products. These biological methods consist 
mainly of composting, and anaerobic digestion/biogas generation. 
 
1.5.2.1 Composting 
 
Composting is an aerobic biological digestion process in which organic matter is decomposed in the 
presence of oxygen by the action of microorganisms. The organic matter provides nutrients for 
bacterial growth and the result is the breakdown of the organic molecules into carbon dioxide, water, 
heat, and a solid compost residue which is biologically stable. The composting of any biodegradable 
matter is carried out by three classes of microbes: psychrophiles which are active at low temperatures 
(-5°C-20°C), mesophiles which are active at medium temperatures (5°C to 47°C), and thermophiles 
which are active at high temperatures (40°C-100°C). The temperature rises during the composting 
process because of the heat produced and inactivates any pathogenic content of the mix, thus, 
sanitising the compost product.  
 
The most important factors in the composting process include: proper aeration to provide oxygen, a 
carbon to nitrogen (C:N) ratio of about 30:1, a water content of 50-60%, and an organic matter particle 
size of about 5-7.5cm. 
 
Imperial College research group led by Professor Sue Grimes developed in-vessel composting 
technology to convert food wastes into high quality compost as a means of diverting them from landfill 
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(32, 39). The resulting compost product meets the highest BSI PAS 100 standard (The British 
Standard Institution’s Publicly Available Specification for Composted Materials). 
 
1.5.2.2 Anaerobic digestion 
 
Anaerobic digestion is a biological process by which organic matter is decomposed in the absence of 
oxygen by the action of microorganisms. The organic matter is decomposed into methane, carbon 
dioxide and compost.  The process consists of three stages: (i) hydrolysis: breaking down of organic 
matter into smaller molecules; (ii) acidogenesis: conversion of products of the first stage into organic 
acids; and (iii) methanogenesis: conversion of acids into methane by methanogenic bacteria.   
 
As for composting, the important factors in the anaerobic digestion process include temperature, C:N 
ratio, water content, particle size and residence time.  
 
The carbon fraction (50-80%) in organic materials is converted to methane which can be used as a 
fuel for electricity generation or district heating. The methane-carbon dioxide mixture could also be 
used to provide a source of synthesis gas for the production of organic chemicals. The solid and liquid 
residue from the process is called digestate, which is required by regulations to be further treated to 
ensure a complete breakdown of organic matter. The stable solid product has been used as soil 
conditioner and the liquid residue has been used directly as biofertiliser on land (40). The national 
BSI PAS 110 specification provides voluntary requirements for the processing and production of 
digestate from biowaste.  
 
Anaerobic digestion is considered to be an advanced conversion technology that qualifies as 
renewable energy under the Renewables Obligation Order 2002. 
 
1.5.3 Chemical methods 
 
A number of chemical methods have been used in the treatment of organic waste materials including 
hydrolysis and transesterification. 
 
1.5.3.1 Hydrolysis 
 
Hydrolysis is a natural process that occurs in biochemical reactions leading to the breakdown of 
complex organic molecules into the simple organic molecules which make up their building units. This 
process relies on the insertion of hydrogen and hydroxide molecules from water onto two atoms of the 
complex molecule leading to breaking of the bonds (41). To affect this, the bonds between complex 
organics need to be weakened by means of temperature, pressure, pH, mechanical forces or 
irradiation, and the presence of a catalyst that is either an alkali or an acid. 
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Alkaline hydrolysis makes use of bases such as sodium or potassium hydroxide solutions as the 
catalyst and is used to decompose proteins and lipids, but is less effective with carbohydrates and 
cellulose. Acid hydrolysis uses acids, often sulphuric acid, as catalyst, is effective with cellulose and 
hemi-cellulose, and is used in the breakdown of cellulosic materials such as wood and plant waste 
into glucose, but is not effective in breaking down lignin.  
 
Common monomers that are found in hydrolysed organic waste are amino acids (from proteins), 
simple sugars (from carbohydrates) and fatty acids (from lipids and fats). Alkaline hydrolysis has been 
used as a pre-treatment of the organic fraction of MSW and sludge prior to acid digestion (42). Other 
reports of the use of hydrolysis to treat wastes include: (i) acid hydrolysis of waste cellulose into 
glucose (43); and (ii) sub-critical water hydrolysis of fish meat to produce organic acids and amino 
acids  (44). 
 
1.5.3.2 Biodiesel production via transesterification 
 
Transesterification is the chemical reaction used in biodiesel production.  Biodiesel is defined as a fuel, 
comprised of mono-alkyl esters of long-chain fatty acids derived from vegetable oils or animal fats, 
that meets the requirements of ASTM D 6751 (45).  In the UK, BS EN 14214 is the agreed standard 
on blending biodiesel (current limit 5%) with fossil fuel diesel.  
 
There are two types of transesterification reaction: alkali-catalysed and acid-catalysed processes, with 
the generic reaction involving the exchange of the alkoxy group (RO) of an ester by an alcohol to yield 
a different ester and a different alcohol (46): 
 
RCOOR
1
 + R
2
OH       catalyst      RCOOR2 + R1OH 
Ester       Alcohol                            Ester         Alcohol 
 
The equation for transesterification of oil or fats is:   
 
CH2OCOR'''
CHOCOR''
CH2OCOR'
+ 3 ROH CHOH
CH2OH
CH2OH
+
R'''COOR
R''COOR
R'COOR
   
   catalyst
+
+
 
 
R’, R” and R’’’ represent the fatty acid chains associated with the oil or fat which are largely palmitic, 
stearic, oleic and linoleic acids, for vegetable oils. The alcohol used is usually methanol but ethanol, 
propanol, butanol etc are alternatives. The products are esters and glycerols.  An excess of methanol 
in the reaction is required to shift the reaction equilibrium to the right.  
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Alkali-catalysed transesterification is more commonly used for biodiesel production because it 
operates at atmospheric pressure and results in direct conversion to biodiesel with no intermediate 
compounds, with minimal reaction times and no special materials of construction needed for the plant 
to operate. The by-products of the reaction consist of 50% glycerol containing methanol, catalyst, and 
soaps. Water and alcohol can, however, be removed from the mixture to obtain 80-88% pure glycerol 
for industrial uses (47). 
 
The most commonly used catalyst in acid-catalysed transesterification is sulphuric acid but this 
process is not in major commercial use (47). Acid-catalysed transesterification is, however, suitable 
for feedstock containing higher concentrations of fatty acids (such as waste frying oils and animal fats) 
which are undesirable in base-catalysed process due to soap formation. 
 
1.6 Use of ionic liquids as a novel approach to the treatment 
of organic waste 
 
A novel approach to the treatment of organic waste, explored in this thesis, is the use of ionic liquids 
as designer solvents for the selective extraction of key components of the waste to maximise the 
recovery of value. In this context, an overview of ionic liquids, including their methods of synthesis, 
their application and, specifically, their ability to solubilise organic compounds found in food and food-
related systems, is presented below. 
 
1.6.1 Characteristics of ionic liquids 
 
Ionic liquids (ILs) are liquids that are comprised entirely of ions (48). They generally consist of large 
asymmetrical organic cations and simple coordinating inorganic anions. The large size and low 
degree of symmetry of the cation reduce the lattice energy of the salt to form solid crystalline and as a 
result lower the melting point (48). Ionic liquids that are liquid at ambient temperatures and up to 
100°C are often referred to as “Room Temperature Ionic Liquids” (RTILs) in the literature. ILs are also 
sometimes called “neoteric solvents” (48) or “designer solvents” (49).  
 
The discovery of ionic liquids was first described as early as in 1914. Ethylammonium nitrate 
[EtNH3][NO3], which has a melting point of 12°C, is an ionic liquid which was reported by Walden (50). 
Another major development was later in 1951 when Hurley and Wier reported the room temperature 
eutectic mixtures of aluminium chloride and ethyl pyridinium halides being used as electrolytes in the 
electrodeposition of aluminium (51). Early developments of room temperature ionic liquids which 
formed the basis of modern ionic liquids, were led mainly by Osteryoung (52, 53), Wilkes (54) and 
Hussey (55), based on the mixtures of aluminium chloride and N-alkylpyridinium chloride and 1,3-
dialkylimidazolium chloride. It was not, however, until late 1990s that ionic liquids significantly 
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attracted worldwide interest, particularly as alternatives to molecular solvents for clean technology (48, 
56-58). 
 
Ionic liquids have unique properties that make them attractive as potential solvents, reaction media, 
catalysts and extractants (48, 57, 59). Ionic liquids:  
 
 Have no effective vapour pressure and are non-volatile (although it has been 
demonstrated by Earle et al. (60) that ionic liquids can be distilled at elevated conditions), 
 Are generally non-flammable and non-explosive, 
 Have a wide liquid range, 
 Have high thermal and electrochemical stability 
 Have high solvation capacity for a variety of inorganic, organic and polymeric materials, 
 Can be recycled, and  
 Can be tailor-made by varying the choice of cations and/or anions, by designing specific 
functionalities into the cations and/or anions, or by combining two or more simple ionic 
liquids (59). 
 
1.6.1.1 Anions 
 
Anions that form ILs are generally weakly basic inorganic or organic compounds. The common anions 
described in the literature include halides, tetrafluoroborate, hexafluorophosphate, nitrate and acetate.  
 
According to Chiappe (61), anions may be grouped into 4 types; (i) ILs based on chloroaluminate 
anions; (ii) ILs based on [PF6]
- 
and [BF4]
- 
anions; (iii) ILs based on mesylate ([CF3SO3]
-
), [(CF3SO2)2N]
-
 
and [NTf2]
-
 anions; and (iv) ILs based on alkyl sulfate and alkyl sulfonate anions. 
Chloroaluminates represent the first generation of anions and whose Lewis acidity can be adjusted 
through molar ratio of AlCl3 and organic salts. Lewis acidic ILs can be obtained when AlCl3 is in 
excess whereas a Lewis basic IL is obtained when the organic salt is dominant. A Lewis neutral IL is 
achieved when there are equimolar amounts of both AlCl3 and organic salt. ILs with these types of 
anions, however, have handling limitations due to their sensitivity to moisture. 
 
The nearly air- and water-stable anions such as [PF6]
- 
and [BF4]
– 
overcome the handling problems 
suffered by chloroaluminate anions although slow hydrolysis of ILs containing [PF6]
– 
has been 
reported to produce HF (62). Anions such as ([CF3SO3]
-
), [(CF3SO2)2N]
-
 and [NTf2]
- 
yield ILs that are 
more stable, with low viscosity and high conductivity. These fluorinated ILs, however, are usually 
costly and halide contamination can result following incomplete metathesis of halide salts during the 
preparation stage. Halogen-free ILs (63), such as those based on alkyl sulfates and alkyl sulfonates, 
are relatively cheap, do not contain fluorine and can be prepared under ambient conditions. They also 
have a wide electrochemical window and are air stable (63).  
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Choices of anions can affect properties of ILs such as hydrophobicity, viscosity, melting point, density 
and solvation and Table 1-9 provides a list of hydrophobic and hydrophilic IL-producing anions. It has 
been observed by MacFarlane (64) that the lack of hydrogen bonding of anions influence 
hydrophobicity of ILs. Perfluorinated anions with negligible hydrogen bonding tend to yield 
hydrophobic ILs.  
 
The effects of anion fluorination also include a reduction in hydrogen bonding and symmetry of anions 
which leads to a decrease in the melting point and viscosity of the IL (65). Fluorinated anions also 
attain increased thermal and electrochemical stability (64). A reduction in melting point of ILs can also 
result from the larger size of the anion due to the lowered Coulombic attraction contribution to the 
lattice energy of the crystal (66). 
 
Table 1-9 Hydrophobic and hydrophilic IL-producing anions (65) 
Hydrophobic IL-producing anions Hydrophilic IL-producing anions 
Hexafluorophosphate ([PF6]
 − 
) Mesylate ([CH3SO3]
 −
) 
Bis(perfluoroethylsulfonyl)amide, ([N(SO2C2F5)2]
 −
) Tosylate ([CH3C6H4SO3] 
 − 
) 
b
Triflate, ([CF3SO3] 
−
) Trifluoroacetate ([CF3CO2]
 −
) 
a
Tetrafluoroborate, ([BF4] 
−
) Acetate ([CH3CO2]
 −
) 
Tris(trifluoromethanesulfonyl)methanide, 
([(SO2CF3)3C]
 −
) 
Dicyanamide ([N(CN)2]
 − 
) 
Halides ([Cl] 
 −
, [Br] 
−
, [I] 
−
) 
a
 only with cation that have an N-butyl or N-hexyl substituent 
b
 only with cation that have an N-butyl or N-hexyl substituent 
 
1.6.1.2 Cations 
 
Cations in most ILs are generally bulky organic structures with low symmetry. Among the most 
common cations are imidazolium, pyridinium, phosphonium and ammonium (Table 1-10).  
 
Variation in cation size and symmetry affects the melting points of ILs. Increasing the cation size and 
the asymmetry leads to a reduction in melting points due to the lowered Coulombic attraction and 
disruption of ion-ion packing in the solid state lattice (66). The size of a cation can be increased by 
elongating the length of the alkyl chain. The symmetry of a cation is varied through the branching of 
the alkyl groups incorporated into the cation.  
 
The effect of increasing the chain length of a single alkyl chain of 1-alkyl-3-methylmidazolium 
tetrafluoroborate on melting point was studied by Holbrey (67) and two competing phenomena were 
observed. Initial increase in chain length causes destabilization of the Coulombic packing and a 
reduction of the melting point, whilst an increase of the chain length beyond 10 carbons increases the 
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melting point, due to the increased attractive van der Waals interactions between the hydrocarbon 
chains and the increased structural ordering.  
 
Other effects upon increasing alkyl chain length include increased viscosity, reduced density and 
higher lipophilicity (66).   
 
A higher degree of chain branching leads to an increase in melting point (68), which is due to 
increased efficiency of crystal packing as free-rotation volume decreases and atom density is 
increased (66).  
 
Table 1-10 Examples of common cations used in the preparation of ILs 
Name Structure 
Imidazolium 
 
NN
R1 R2
+
 
Pyridinium 
N
R
+
 
Phosphonium P
+
R4
R3
R2
R1
 
Ammonium N
+
R4
R3
R2
R1
 
* R-groups represent alkyl groups which can either be aliphatic or aromatic. 
 
1.6.1.3 Nomenclature of ionic liquids 
 
With the nomenclature of ILs being complex, it is common in publications to refer to them using 
acronyms. Generally, an IL’s name is a combination of the cations and anions that make up a 
particular IL. Examples of common nomenclature used to describe cations, anions and ILs are shown 
in Table 1-11. 
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Table 1-11 Examples of common nomenclature of ILs 
Chemical name Nomenclature 
Cations 1-butyl-3-methylimidazolium C4MIM [BMIM] 
 1-hexyl-3-methylimidazolium C6MIM [HMIM] 
 1-butylpyridinium C4Pyr - 
Anions 
Hexafluorophosphate [PF6]
 −
 
Bromide [Br]
 −
 
Ionic liquids 
1-butyl-3-methylimidazolium 
chloride 
[C4MIM][Br] [BMIM][Cl] 
1-butylpyridinium bromide [C4Pyr][Br] - 
 
1.6.1.4 Classes of ionic liquids 
 
There are three classes of ionic liquids which have developed over the past few decades and are 
referred to as first, second and third generation based on their air and water stability. 
 
Evidence that the first generation ILs such as the mixtures of ethylpyridinium halides and aluminium 
chloride, described by Hurley and Weir (69), and dialkylimidazolium chloroaluminates, described by 
Wilkes et al. (54), were highly unstable in the presence of air and moisture suggests that moisture 
must be excluded from all the reagents in their preparation and the reaction must be carried out in an 
inert atmosphere.  
 
In 1992, Wilkes and Zaworotko (70) reported the preparation of air- and water-stable ionic liquids with 
weakly co-ordinating anions such as hexafluorophosphate and tetrafluoroborate, which constitute the 
second generation ILs.  Ionic liquids with fluorinated anions, however, were later on shown to undergo 
hydrolysis reactions to form toxic hydrogen fluoride under acidic conditions (62). 
 
The third generation ILs are known as task-specific ionic liquids and are designed with functionalised 
cations and/or anions for use as a solvent and/or catalyst in a particular process (71). Examples of 
these ILs include those containing organometallics or functionalized side chains which enhance 
reactivity of catalytic systems. 
 
1.6.2 Synthesis of ionic liquids 
 
Commonly reported methods of synthesis of ILs, of relevance to this work, are: (i) conventional 
methods and (ii) microwave-assisted methods. Conventional methods for IL synthesis are time 
consuming, generally requiring (i) large amounts of volatile organic solvents and (ii) an excess of one 
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of the reagents, and, although widely used, are unsuitable for use in the development of commercially 
viable material recovery processes, particularly for the recovery of value from waste. The use of 
microwave-assisted synthesis, however, provides an alternative method by reducing reaction time 
and avoiding the use of solvents and large excess of starting materials.  Both these methods are 
described in the following sub-sections.  
 
Depending on the purity of the prepared IL, purification steps may be necessary to remove impurities 
including: water, colour, organic starting materials, halide salts and protic impurities. 
 
1.6.2.1 Conventional methods 
 
Conventionally, preparation of ILs generally involves: (i) stirring and heating of the starting reagents 
under reflux for long periods, (ii) use of an excess of at least one of the starting materials and (iii) use 
of organic solvents as reaction media to achieve reasonable yields.  
 
The initial step to produce IL precursors is by quaternization (N-alkylation) of a suitable nucleophile 
using an alkylating agent e.g. halogenoalkane or a dialkyl sulfate (59). For example, BMIMCl can be 
prepared by reacting 1-methylimidazole with excess of 1-chlorobutane under reflux for 24 hr (54). The 
general synthesis procedure involves heating reactants under reflux in a nitrogen or other inert gas 
atmosphere to exclude water and oxygen (57). In some cases, this requires the use of sealed tube 
reactors because of the low volatility of the halogenoalkanes, such as in the synthesis of EMIMCl (54). 
If the ILs of the desired composition cannot be prepared directly by quaternization, additional steps 
are required to vary the anion. Three methods have been used to create the desired precursors of the 
anion, namely: metathesis reaction, acid-base neutralization and direct combination (57).  
 
Metathesis reaction  
 
Anion metathesis is performed by reacting quaternary halides with salts containing the desired anions 
in considerable quantities of organic solvents such as acetone (72) and methanol (70). An example of 
an IL prepared using anion metathesis is [EMIM][BF4] by reacting [EMIM]I with [Ag][BF4] in methanol 
(70), or with [NH4][BF4] in acetone (72). Lall et al. (73) report the use of ion-exchange resins 
(containing phosphate ions) to prepare polyammonium phosphate ILs from halide salts. 
 
Although metathesis is a relatively simple synthesis method, problems arise because it requires the 
use of large quantities of volatile organic solvents in time-consuming reactions, and the IL products 
can be contaminated with halide ions which can significantly alter the physical properties of ILs (74) or 
deactivate the catalyst in transition metal catalysis (75).  
 
Other researchers (63, 76, 77) have reported the use of a halide-free IL synthesis route to overcome 
the problems of contamination. For example, Holbrey et al. (63) reported the preparation of 1,3-
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dialkylimidazolium alkyl sulfate ILs by reaction of 1-methylimidazole with dimethyl sulfate or diethyl 
sulfate. The resulting ILs can then be used as intermediates to prepare ILs with other anions such as 
BMIMPF6 by a metathesis reaction with HPF6. 
 
Acid-base neutralization  
 
ILs can be synthesised by an acid-base neutralization reaction, such as the synthesis of 
monoalkyllammonium nitrate salt in which an aqueous solution of the amine is neutralised with nitric 
acid (78) and the IL is recovered from the mixture by removing excess water under vacuum. Other 
examples of ILs prepared by this method are tetraalklyammonium sulfonates in which 
tetraalkylammonium hydroxides are neutralised with sulfonic acid (79).  
 
Direct combination 
 
ILs can be prepared by direct combination of a halide salt with a metal halide or a Lewis acid.  
Examples include the synthesis of halogenoaluminate(III) ILs (51) and chlorocuprate(I) ILs (80). 
 
1.6.2.2 Microwave-assisted methods 
 
Microwave irradiation used in heating is governed by the two fundamental mechanisms of dipole 
rotation and ionic conduction which occur simultaneously (81). Dipolar rotation is the means by which 
microwave irradiation heats dielectric materials and is normally referred to dielectric heating which 
results from the rotating particles aligning themselves in the oscillating electric field generated by 
microwaves. The more polar materials, which have higher dielectric constants, respond more actively 
to the electric field of the microwaves. Ionic conduction mechanism is explained by the rapid heating 
of ionic substance due to the ionic motion generated by the electric field. As temperature increases, 
the transfer of energy becomes more efficient. Due to the ionic nature of ILs, microwave irradiation is 
absorbed extremely well and energy is transferred quickly by ionic conduction.  
 
A number of studies have reported the use of microwave irradiation for the synthesis of ionic liquids, 
using a household microwave and a controlled microwave. 
 
Household microwave 
 
Varma and Namboodiri (82) prepared a series of 1-alkyl-3-methylimidazolium halides through reaction 
of 1-methylimidazole with alkyl halides under solvent-free conditions using an unmodified household 
microwave to provide microwave irradiation in an open vessel. The reagents were exposed to 
microwave energy source in open containers in which they react to form ILs. A household microwave 
with inverter technology was found to give better control of the synthesis because the inverter 
technology supplies continuous microwave irradiation at different powers (e.g. high, medium and low) 
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whereas conventional microwaves give pulse microwave irradiation (i.e. on and off) at the same 
power. The reaction times required for IL synthesis were found to be reduced to a few minutes from 
the several hours required by conventional heating with excess reactants. For example, it has been 
shown that it requires less than 2 minutes to form [BMIM][Cl] by microwave irradiation as opposed to 
24 hours by conventional heating method (54).  It was observed that: (i) the reactivity of halides 
affected the final yields in the order [I]
-
 > [Br]
-
 > [Cl]
-
; the higher the reactivity, the better the yield and 
the shorter the reaction time required, (ii) the purity of ILs is superior to those prepared by 
conventional methods (82), and (iii) the microwave method is most suitable for preparation of ILs with 
longer alkyl chains or with higher boiling points (83).  
 
Varma and co-workers reported the preparation of second-generation ILs, 1-alkyl-3-
methylimidazolium ILs  with the tetrafluoroborate anion (84) and with tetrachlorogallate anion (85) by 
reacting alkylimidazolium halides with ammonium tetrafluoroborate and gallium trichloride, 
respectively, using an unmodified household microwave.  
 
Problems of overheating of reagents and decomposition of ILs in household microwave have been 
addressed by adjusting the microwave power, exposure time and intermittent heating/mixing pattern 
(82, 83). Law et al. (86) introduced a water moderation method which involved the immersion of a 
capped reaction flask containing starting materials in a beaker containing water at an initial 
temperature of 60°C prior to heating the mixtures intermittently. The water in this system acted as a 
heat sink dissipating the amount of microwave energy reaching the reaction mixture. 
 
Controlled microwave 
 
Mono- and multi-mode microwave reactors allow the precise monitoring of temperature, pressure and 
reaction times, and in some microwave reactors, multiple sample processing is also possible (87-89). 
 
Rebeiro and Khadilkar reported the synthesis of alkylpyridinium and 1-alky-3-methyl imidazolium 
halides in a closed-vessel microwave system on a large scale (155-300 mmol) (90). Stoichiometric 
amounts of reagents were sufficient to achieve good yields under the closed system, in contrast to an 
earlier study where large molar excess of halogenoalkane was required (82). Deetlefs and Seddon 
(91) reported the synthesis of imidazolium- and pyridinium-based ILs using a multi-mode microwave 
reactor for medium scale (150-300 mmol; sealed vessel) and large scale (0.3-2 mol; open vessel) 
syntheses, and pyrazolium- and thiazolium-based ILs for small scale (50 mmol; sealed vessel) 
synthesis. Again, high yields were obtained in both sealed and open vessels without the need for 
large molar excess of reagents and the reaction time for IL synthesis was drastically reduced, with the 
reactions rates in closed vessels following the normal pattern [I]
-
> [Br]
-
> [Cl]
-
 in terms of reactivity (91). 
 
Fu and Liu (92) described the synthesis of ILs using a programmable microwave reactor (CEM 
Corporation) for the synthesis of both 1,3-disubstituted imidazolium-based ILs and 1,2,3-trisubstituted 
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imidazolium-based ILs but the reaction of 1-bromo-3-chloropropane with 1-methylimidazole was found 
to produce the mixture of products:  
 
 
 
Cravotto et al. (93) reported the synthesis of second generation pyridinium- and imidazolium-based 
ILs with [PF6]
-
, [BF4]
-
 and [NTf2]
-
 anions using a one-step, solvent-free simultaneous ultrasound and 
microwave irradiation.  
 
In summary, microwave-activated synthesis methods for ILs reduce reaction times, minimise the use 
of volatile organic solvents both as reaction media and in purification steps, and also give ILs in good 
yields and purity. 
 
1.6.3 Applications of ionic liquids 
 
The unique properties of ILs make them suitable alternatives to traditional volatile organic solvents, 
with uses in, for example, electrolysis, catalysis, and extraction applications (Figure 1-4).  
 
Of particular relevance to the research described in this thesis, however, is their application in the 
extraction of organic compounds, and specifically food and food-related components. A number of 
publications report on the extraction of organic compounds, in particular, hydrocarbons, including 
extraction of toluene from heptane/toluene mixture (94), separation of ether from ethanol (95), 
extraction of aromatic hydrocarbons from mixtures of aromatic and aliphatic hydrocarbons (96), and 
desulfurization of diesel and gasoline fuels (97).  
 
Extraction and solubility studies of organic components of food and food-related systems are 
reviewed below under the headings: amino acids, carbohydrates, organic acids, fatty acids, fats and 
other food-related materials 
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Figure 1-4 Applications of ILs in various industries (98) 
 
1.6.3.1 Amino acids 
 
Armstrong and co-workers (99) reported that amino acids (histidine, phenylalanine and tryptophan) 
had low solubility in [BMIM][PF6]. By adding a complexing agent, crown ether dibenzo-18-crown-6, 
into the IL phase at pH 1, amino acid/crown ether complexes are formed and extracted into the IL 
phase. Smirnova et al. (100) reported a detailed extraction of amino acid/crown ether complexes from 
aqueous solution at pH 1.5-4 without the need of any hydrophobic counteranions. The methodology 
was successfully applied to the recovery of amino acids from fermentation broth and pharmaceutical 
samples. 
 
Amino acids show higher solubility in imidazolium ILs with [BF4]
- 
anion than in [PF6]
-
. This is explained 
by the higher effective negative charge in [BF4]
-
 anion which induces stronger electrostatic 
interactions. ILs with short alkyl chain substituents showed higher degree of extraction due to stronger 
hydrogen bonds formed between the H(2) of the imidazolium ring and the fluorine of the anion 
whereas the screening effect or steric hindrance effect diminishes solubility in ILs with a longer alkyl 
chain (101). Water solubility in the ILs correlates positively with the solubility of amino acids into the IL 
phase. The presence of water in ILs partially disrupts hydrogen bond association between the cation 
and the anion in the ILs, leading to increased free ions and ionic mobility which consequently enhance 
the electrostatic interactions (101). The effect of the cation structure on the amino acid extraction was 
investigated by Coutinho and co-workers (102). Pyrrolidinium-based ILs showed the highest amino 
acid solubility amongst the range which included imidazolium-, pyridinium- and piperidinium-based ILs. 
An increase in the number of substituents in the IL cation results in lower amino acid extraction 
efficiency due to higher hydrophobicity of the ILs, coupled with the steric hindrance effect promoted by 
the large size of the IL cation, The presence of hydrophobic groups in amino acids, such as the 
pyrrole ring and the –CH2 group, also increases the extent of solubility of the amino acids in a IL (101).  
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Absalan et al. (103) investigated the extraction of amino acids where amino acids exist in their 
zwitterionic or anionic forms. In the pH range where anionic forms of amino acids predominate, 
interactions are due to anionic amino acids and the IL cation. At the pH in which the zwitterionic form 
is predominant, solubility is decreased due to the diminishing electrostatic interactions of the amino 
acid and the IL as the net charge of the amino acid becomes zero. Due to the higher charge density 
of the IL anion, electrostatic interaction between the cationic amino acid and the IL anion is stronger 
than that in anionic amino acid and the IL cation and, therefore, affords a higher degree of extraction 
in the acid pH region.   
 
1.6.3.2 Carbohydrates 
 
Most of the literature reporting on carbohydrates in ILs focuses on: i) dissolution of carbohydrates; ii) 
dissolution of cellulose; iii) dissolution and fractionation of lignocellulosic materials and; iv) processing 
of lignocellulosic materials. 
 
 Dissolution  of carbohydrates: 
 
Carbohydrates generally have low solubility in most solvents other than water. Early studies on 
dissolution of carbohydrates in ILs focused on using ILs as reaction media in biotransformation 
reactions. Park and Kazlauskas (104) described the solubility of glucose in 1-methoxyethyl-3-
methylimidazolium tetrafluoroborate to be 100 times more than in acetone or tetrahydrofuran 
(~5mg/ml at 55°C) and reported the acylation of glucose catalysed by lipase in the IL.  
 
Kimizuka and Nakashima (105) reported the synthesis of ether-containing ILs (Figure 1-5) which were 
‘sugar-philic’ and dissolved glucose and other complex polysaccharides such as α-cyclodextrin, 
amylase and agarose. The ether linkage on the IL cation was expected to act as a hydrogen-bond 
acceptor for the hydroxyl groups of carbohydrates. A glycosylated protein, glucose oxidase, was also 
reported to be soluble in these ILs which is attributed to the presence of surface carbohydrate chains 
that increased its solubility (105). 
 
 
Figure 1-5 Ether-based ILs, n=1 or 2 (105) 
 
Ionic liquids containing the dicyanamide anion were first described by MacFarlane (106) to be 
effective in dissolving mono-, di- and tri-saccharides and were subsequently used as reaction media 
and as a base catalyst in acetylation reactions of carbohydrates (107). Not only high concentrations of 
sucrose (195 g/L) and glucose (145 g/L) were reported to dissolve in these ILs, but other 
polysaccharides such as amylose, β-cyclodextrin, and lactose were also soluble (108). Dicyanamide 
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is a hydrogen-bond acceptor and this is an important factor in achieving the dissolution of the 
compounds capable of hydrogen bonding such as carbohydrates (109). The presence of bromide 
anion or the oxygenated side chain of imidazolium cations have also been shown to increase 
carbohydrate solubility whilst non co-ordinating anions such as [BF4]
-
, [Tf2N]
-
 and [PF6]
-
, however, 
were reported to show poor solubilising ability for sucrose and glucose (108).  
 
 Dissolution of cellulose:  
 
A number of studies have been directed specifically to the dissolution of cellulose in ILs. Cellulose is a 
type of polysaccharide, which comprises linear glucose polymer chains forming macromolecular 
structures that are able to form hydrogen bonds. Cellulose is insoluble in water and in most common 
organic solvents and as such, current solvent systems used in processing cellulose generally involve 
harsh conditions leading to undesirable environmental impacts. The ability to dissolve cellulose is of 
particular importance in the fractionation and processing of lignocellulosic materials that contain lignin, 
hemicelluloses and cellulose. 
  
Rogers (110) reported the dissolution of cellulose in ILs incorporating anions that are strong 
hydrogen-bond acceptors such as [Cl]
-
, [Br]
 -
 and [SCN]
 -
 and  BMIMCl was found to be the most 
effective in dissolving cellulose. As high as 25 wt% of cellulose solution can be obtained when 
combined with microwave heating. ILs containing non-coordinating anions such as [BF4]
-
, and [PF6]
-
 
showed no solubility for cellulose. The presence of longer alkyl chain lengths on the IL cation and/or 
residual water in the solvent were also found to reduce the solubility of cellulose due to the reduced 
effective chloride concentration in the longer-chain substituents and the competitive nature of water 
on hydrogen-bonding systems, respectively. Dissolution of cellulose in BMIMCl involves hydrogen-
bonding of the hydroxyl protons of cellulose to the non-hydrated chloride ions of the IL (110), as 
confirmed by 
13
C and 
35/37
Cl NMR relaxation studies (111). A study conducted by Anderson et al. (109) 
confirmed the importance of the chloride anion and hydrogen-bond basicity of ILs in effecting 
dissolution. A similar solvation mechanism has been explained for the IL-glucose system by molecular 
dynamic simulations (112) and NMR relaxation studies (113), where dominant interactions are the 
hydrogen bondings between the hydroxyl groups and the anions.  
 
Zhang et al. (114) have shown that cellulose solubility in 1-allyl-3-methylimidazolium chloride 
(AMIMCl), which has a lower melting point and viscosity than BMIMCl, was as high as 14.5 wt%. This 
enhanced solubility was assumed to be due to additional interaction between the oxygen atom of 
hydroxyl group and the IL cation. ILs containing acid esters as anions were reported by Fukuya et al 
(115). It was found that formate ILs which had lower viscosity and melting point, and higher hydrogen-
bonding basicity than chloride ILs dissolved cellulose and other polysaccharides at high 
concentrations and low temperatures. Dimethylphosphonate anion, which has a higher thermal 
stability and a simpler preparation procedure than the corresponding formate anion, was also found to 
be a good solvent for cellulose (116). A study conducted by Kosan et al. also showed that 1-N-ethyl-
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3-methylimidazolium acetate (EMIMOAc) has lower viscosity and higher cellulose solubility than 
chloride ILs (117). 
  
 Dissolution and fractionation of lignocellulosic materials: 
 
Lignocellulosic materials, which are the most abundant renewable resource in the world, contain lignin, 
hemicellulose, and cellulose. The ability to convert them into biofuels and chemical feedstock will 
reduce dependence on fossil fuels. Ionic liquids have been used as a means of fractionating 
components from biomass, prior to their conversion to biofuels.  It has been shown by Rogers and co-
workers that the IL, BMIMCl, partially dissolved untreated wood and fractionated cellulose from 
biomass (118). Regenerated cellulose exhibited physical properties comparable to those of pure 
cellulose. A later study by the same group has shown that EMIMOAc is a better solvent for wood, 
leading to a complete dissolution of ground softwood and hardwood (119). This is attributed to the 
increased hydrogen bond basicity of the acetate anion, making it more effective in breaking the 
hydrogen bonding in biopolymers. Nevertheless, regenerated cellulose-rich materials from EMIMOAc 
also contain some lignin (9-15%) arising from the dissolution of lignin-bonded carbohydrates along 
with cellulose and hemicellulose from wood biomass.  
 
Another approach to fractionation of lignocellulosic materials is to remove lignin from biomass 
(delignification), leaving cellulose-rich pulp for further processing. Lignin is a high molecular weight 
polymer, based on methoxylated phenylpropanoid units, which acts as a glue that binds all the 
polymers of plant components together. Its rigid structure prevents effective enzymatic hydrolysis of 
cellulose and inhibits fermentation. Traditional delignification method, known as the Kraft pulping 
process, involves alkaline and high temperature conditions. Solubility of lignin has been studied by Pu 
(120) using ILs containing anions [MeSO4]
-
, [CF3SO3]
-
, [Cl]
-
, [Br]
-
 and [PF6]
-
, with up to 20 wt% of lignin 
being dissolved in ILs containing the [MeSO4]
-
 and [CF3SO3]
- 
anions, and following an order of 
solubility:  [MeSO4
-
] = [CF3SO3
-
]
 
> [Cl
-
] ~ [Br
-
] » [PF6
-
]. Selective extraction of lignin from lignocellulosic 
materials has been carried out with various types of biomass such as wheat straw (121), wood 
sawdust (122), wood flour (123) and bagasse (124). Among the ILs investigated, suitable ILs for 
delignification include: AMIMCl (122), BMIMCl (122), EMIMOAc (123) and the IL containing 
alkylbenzenesulfonate anion (124). Phenyl-containing IL, 1-benzyl-3-methylimidazolium chloride, also 
showed high lignin solubility due to the aromatic system on the cationic moiety, which enhances the 
interaction with the aromatic character of lignin (122).  
 
Kilpelainen et. al. (122) identified out two crucial factors for wood solubilisation in ILs: particle size of 
the wood sample and the water content of substrate, where increased particle size inhibits diffusion of 
ILs, which reduces solubilisation efficiency, and the effect of water has been shown, by Brandt et al., 
to diminish the dissolution of wood in the case of BMIMOAc but enhance its dissolution in the BMIMCl 
system (125). Use of ultrasound or microwave irradiation pretreatment has been shown to accelerate 
the dissolution of wood in ILs (119). The choice of anions also plays a major role in swelling and 
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dissolution of wood (125). Hydrogen-bond basicity (denoted as Kamlet–Taft β parameter) indicates 
the ability of an IL to accept hydrogen bonds and a high β value means that the anion is a stronger 
bond acceptor which effectively interacts with the hydroxyl groups on the lignocellulose and weakens 
the bonding within the wood matrix, leading to swelling and dissolution (125). So an anion with high 
hydrogen-bond basicity, such as dimethylphosphate and acetate, generates greater swelling and 
dissolution of wood while an anion with low basicity, such as trifluoromethanesulfonate, behaves as a 
poor swelling agent.  
 
After subjecting biomass to IL delignification, the resulting cellulose-rich pulp showed lower 
crystallinity (122, 126) which allowed greater accessibility for hydrolytic enzymes. A higher percentage 
of sugar release following an enzymatic hydrolysis was reported for reconstituted cellulose from ILs 
compared with untreated cellulose (122, 123). Extracted lignin in ILs can also be a potential source of 
functional polymeric materials such as binder, dispersant and emulsifier (123) and one of the methods 
to recover lignin from the IL solution is acid precipitation (121, 124). 
 
 Processing of lignocellulosic materials in ILs: 
  
The ability to dissolve lignocellulosic materials in ILs opens up opportunities to carry out many 
biomass conversion processes in homogeneous conditions. Examples of IL-assisted biomass 
conversion include the use of ILs as catalyst and reaction media in homogeneous acetylation of  
cellulose (127, 128) and wood (122); the use of IL as reaction media in homogeneous hydrolysis of 
lignocellulosic materials to produce monosaccharides (129) and the depolymerization of cellulose and 
untreated wood to produce cello-oligomers (130).    
 
1.6.3.3 Organic acids 
 
Matsumoto et al. (131) conducted studies on the IL extraction of a range of organic acids (acetic, 
propionic, lactic, butyric and pyruvic), in aqueous solution. In all cases the extractability was low and 
in the order: [OMIM][PF6] <[BMIM][PF6] <[HMIM][PF6]. The extraction behaviour of lactic acid using 
these ILs containing tri-n-butylphosphate, as an extractant, was found to be similar to that of 
conventional organic solvents, and bacterial cells in fermentation culture grew and produced lactate, 
in the presence of ILs, thus confirming the non-toxicity of ILs to the bacteria. 
 
McFarlane and co-workers (132) determined distribution coefficients of organic acids (acetic and 
hexanoic acid) between water and hydrophobic ILs as part of a produced water remediation process. 
The partition of hexanoic acid into the IL phase was significant when pH<pKa indicating the 
partitioning of the protonated form of the hexanoic acid into the IL phase. Acetic acid, however, did 
not show a significant partition into the IL phase although it is highly polar.  
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Studies conducted by Martak and Schlosser investigated the effect of anions in phosphonium ILs 
(trihexyltetradecylphosphonium) in dissolving lactic acid (133) and butyric acid (134). The anions 
studied were the bis-(2,4,4-trimethylpentyl)phosphinate anion and the chloride anion. Lactic acid has 
higher solubility in the former at pH<pKa, due to the hydrogen bonding of the two oxygen atoms of the 
anion to the lactic acid molecules. The IL with the bis-(2,4,4-trimethylpentyl)phosphinate anion only 
extracted the undissociated molecules of lactic acid, by forming complexes with the undissociated 
lactic acid and water molecules. For butyric acid, similar behaviour was observed in the IL with the 
bis-(2,4,4-trimethylpentyl)phosphinate anion but with higher extraction capacity (134). 
 
Studies on extraction of ferulic acid and caffeic acid from aqueous solutions were conducted by Yu 
(135) using [BMIM][PF6] and [HMIM][PF6]. Extraction efficiency was dependent on the pH of the 
system and so recovery of organic acids was carried out using 0.02 M NaOH as the back-extractant 
resulting in 94-100% recovery (135).  The used ILs were recycled by washing with distlled water and 
dried under vacuum. 
 
1.6.3.4 Fatty acids 
 
To date, there is limited information on dissolution of fatty acids in ILs, although there is extensive 
literature on the synthesis and separation of fatty acid esters in ILs, which will be discussed in detail in 
Chapter 5, where the separation of fatty acid esters from the IL reaction medium is achieved by 
exploiting the immiscibility of the ester product with the IL.  
 
Ha et al. (136) reported the solubility of lauric acid in 1-methyl-3-octylimidazolium 
trifluoromethanesulfonate of up to 6.75 mmol /ml of IL in the presence of butyl alcohol as part of the 
esterification reaction in IL to produce butyl laurate. 
 
Li and Li (137) developed an extraction method based on the complexing interaction between silver 
ions of AgBF4 and double bonds of omega-3 polyunsaturated fatty acid methyl esters using 
hydrophobic IL as an extraction phase. Methyl esters of eicosapentaenoic acid (EPA) and 
decosahexaenoic acid (DHA) were extracted from cod liver oil and recovered using 1-hexene as the 
stripping solvent. Reuse of the IL, for up to 9 cycles, did not inhibit the extraction capabilities.  
 
1.6.3.5 Fats 
 
Young et al. (138) reported the use of 1-ethyl-3-methylimidazolium methyl sulfate in an IL/methanol 
mixture to extract lipids from biomass such as oil seeds and micro algae, where the mixed solution 
exhibited amphiphilic properties which aided the auto-partitioning of extracted oil as a separate layer 
after centrifugation.  
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Although a number of studies report on the transesterification of oil feedstock in ILs, there is no 
specific reference to the dissolution of fats in ILs. 
 
1.6.3.6 Other food-related materials 
 
Other food-related materials described in this work include minerals, found in bone; polylactic acid, in 
food packaging; and polyphenols in apples and grapes. Solubility studies have been limited to: 
 
Polyphenols: Du et al. studied the microwave-assisted extraction of polyphenolic compounds from 
herbal medicinal plants, Psidium Guajava Linn. (P.guajava) leaves and Smilax china (S.china) tubers 
using IL aqueous solutions (139). The polyphenolic compounds present in these plants, including 
gallic acid, ellagic acid and trans-resveratrol, were extracted at 60-70°C for 10 min under microwave 
heating. Imidazolium-based ILs with [Br]
-
, [H2PO4]
-
 or [BF4]
-
 anions were the most efficient in the 
extraction with an optimal IL concentration of 3mol/L. 
 
Polylactic acid: A range of phosphonium ILs with either the decanoate or tetrafluoroborate anions as 
plasticizers and/or lubricants for polylactic acid (PLA) has been investigated by Park et al. (140, 141), 
with no evidence of solubility of PLA in the ILs. 
 
1.7 Summary  
 
Legislation and UK policy, which are the key drivers for all activities related to the management of 
organic waste, have been reviewed, and the nature and composition of organic waste and its 
treatment methods discussed. Current methods of treatment of organic wastes that comply with UK 
and European legislation rely on either recovery of energy or conversion to materials that can be used 
as soil conditioners.  Organic wastes, however, do contain components that could be recovered as 
commercially viable chemicals but very little work has been carried out on the chemistry required to 
recover the valuable components. In this research, the potential uses of ionic liquids to recover single 
and mixed components from waste are studied and as a background to this research a review of ILs, 
their methods of synthesis and applications in the extraction of organic compounds including 
carbohydrates, organic acids, amino acids, fats and fatty acids and other food-related components 
has been carried out.  
 
A review of the literature has shown that ionic liquids have not been used in (i) the recovery of 
valuable components from complex food-based systems; (ii) the recovery of valuable components 
from organic wastes, in particular food waste; (iii) as inexpensive solvents for the fractionation of 
complex organic systems and; (iv) as a combined reaction medium for the extraction and subsequent 
valorisation of components derived from food waste.  
 
CHAPTER 1         Pajaree Kewcharoenwong 
 
60 
1.8 Aim and objectives 
 
The overall aim of the research described in this thesis is to develop novel methodologies based on 
ionic liquid extraction that fractionates and recovers value from organic waste either as a source of 
energy or as a source of feedstock for the chemical and related industries.  
 
The main objectives of the research are:  
 
 To develop and optimise a detailed, rapid synthesis method for ionic liquids via a microwave 
route;  
 To develop an ionic liquid methodology for the: 
o selective solubility of pure food and food-related components; 
o extraction and fractionation of pure food and food-related components from simulated 
mixtures; and 
o extraction and fractionation of food components from a complicated real food matrix; 
and  
 To extend the ionic liquid methodology to permit both the extraction of specific food 
components and subsequent valorisation to a high added-value product in a “one-pot” 
reaction.    
 
Although it is necessary to prepare pure ILs for the purposes of characterisation and for some 
application such as their use in spectroscopic studies, in the present research, it has been necessary 
for economic reasons to consider the use of ILs in their as-prepared state without the need for 
excessive purification steps.  
 
The research described in this thesis considers the use of a series of ionic liquids (ILs), as a means of 
either: i) recovering key value components from organic waste, or ii) extracting materials from the 
waste that can be converted into biofuels. Particular attention is paid to the treatment of food waste 
because it represents a difficult waste stream in terms of achieving diversion from landfill required by 
legislation.  
 
1.9 Scope of thesis 
 
Following the literature review contained in this chapter, Chapter 2 contains details of the full 
syntheses and characterisation of ionic liquids used in this work. The potential use of the ionic liquids, 
described in Chapter 2, as extractants for the components of organic waste has been investigated 
and the results reported in Chapter 3 and Chapter 4. The investigation included studies on: i) solubility 
measurements of pure food components in ILs to determine selective solubilities for use in extraction, 
fractionation and recovery processes, ii) recovery of food components from IL phases, iii) extraction, 
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fractionation and recovery of single components from simulated mixed organic phases and, iv) 
fractionation of the sugar and fat components in chocolate, as an example of a real food system. 
Chapter 5 reports for the first time the development and use of a novel IL mix in the extraction and 
esterification of free fatty acids in a “one-pot” reaction using a simulated waste cooking oil as a model 
system. The conclusions to the thesis and suggestions for future research are presented in Chapter 6. 
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CHAPTER 2               
SYNTHESIS AND CHARACTERISATION OF IONIC 
LIQUIDS 
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2.1 Introduction 
 
Although many common ionic liquids (ILs) are now readily available from chemical manufacturers, the 
ability to synthesise ILs for research and development purposes is of great benefit, especially where 
fine-tuning of their properties for specific purpose is important. The purpose of the research described 
in this thesis is to consider the use of ionic liquids in the recovery of commercially viable or added 
value materials from waste and secondary sources, and for this reason it is not only important to fine 
tune the properties of the IL for a specific recovery but also to develop methods of bulk synthesis of 
ILs that can be used as prepared without the necessity of excessive purification. 
 
Conventional methods for IL synthesis outlined briefly in Chapter 1 (Section 1.6.2) are time- 
consuming, generally requiring (i) large amounts of volatile organic solvents and (ii) an excess of one 
of the reagents, and are likely to be too costly for use in the development of commercially viable 
material recovery processes.  One of the objectives in the current research is therefore to consider 
the use of microwave-assisted methods to shorten the synthesis process. To this end, the ILs studied 
in this work were prepared using microwave-assisted technologies, and for comparison purposes, 
conventionally prepared ILs were used as reference materials in terms of characterisation and other 
quality control  aspects.  In some cases, ILs obtained from commercial sources (Sigma Aldrich and 
IoLitec) were also used for comparison.   
 
Since it is known that ionic liquids are hygroscopic and many can absorb water from the atmosphere 
(74), the ionic liquids prepared in this work were first synthesised and treated to obtain solvents with 
minimum levels of water in order to obtain the best values for the solubilities of key value components 
of waste streams. The solubility studies, described in Chapter 3, were, however, also extended to 
identify any changes in solubility of the waste components in as-prepared ionic liquids that are likely 
to contain higher levels of water.  
 
2.2 Synthesis of ionic liquid 
 
As a result of some preliminary work carried out in the present research on the reaction between ILs 
and simple organic molecules, eight ILs listed in Table 2-1, were selected for the studies in reuse and 
recovery processes, and their syntheses, by both conventional and microwave-assisted methods are 
described in Section 2.2.2. 
 
2.2.1 Materials used 
 
1-methylimidazole (Sigma Aldrich, ≥99%, redistillation grade with <50ppm water in Sure/Seal™ 
packaging) and pyridine (Acros Organics, ≥ 99.5%, extra dry grade with <50 ppm water in AcroSeal® 
packaging) were dried by stirring with KOH pellets overnight and distilled under vacuum.  
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1-bromopropane (Sigma Aldrich, 99%), 1-bromohexane (Sigma Aldrich, 98%), 1-bromobutane (Sigma 
Aldrich, 99%), 1-chlorobutane (Sigma Aldrich, 99.5%, anhydrous grade with <20 ppm water in 
Sure/Seal™ packaging) and 3-bromopropionitrile (Sigma Aldrich, 99%) and 1,4-butane sultone 
(Sigma Aldrich, ≥99%) were dried by stirring with P2O5 overnight and distilled under vacuum. 
 
Ethyl acetate and diethyl ether (Acros Organics, extra dry grade with water content <50ppm in 
AcroSeal® packaging and with molecular sieves) was used as-received without further purification.  
 
The water content of all the reagents was checked by Karl-Fischer titration using a Mettler Toledo 
C20 Coulometric Karl-Fischer Titrator Coulometer and was shown in all cases to be below 50 ppm.  
 
Concentrated sulfuric acid (Acros Organics, 98%) was used as received without further purification.  
Some samples of reference ILs were also purchased from Sigma Aldrich IoLiTec (Heibronn, Germany) 
for comparison purposes. BMIMBr and BMIMCl was purchased from Sigma Aldrich with the following 
specifications: BMIMBr: ≥98.5% (HPLC), water content (208 ppm), white/colourless powder. BMIMCl 
(Fluka, HPLC grade): ≥99% (HPLC), water content (257ppm), white/colourless powder.  HPyrBr and 
HMIMBr were purchased from IoLiTec (Heibronn, Germany) with the following specifications. HPyrBr: 
total IL content (>98%); pyridine impurity (<1%); water content (<1%); appearance (yellowish solid). 
HMIMBr: total IL content >99% (NMR), 99.8% 1-hexyl-3-methylimidazolium, 99.9 % bromide, 0.205% 
water, <1% 1-methylimidazole, appearance: yellowish liquid. 
 
2.2.2 Methods of synthesis 
 
Two types of synthesis methods were used to produce ILs, namely, conventional organic synthesis by 
reflux and microwave-assisted synthesis.  
 
2.2.2.1 Conventional synthesis 
 
1-Hexylpyridinium bromide (HPyrBr) 
 
A 250 ml three-necked, round-bottomed flask was equipped with a nitrogen bubbler, a reflux 
condenser, a thermometer and a magnetic stirrer flea. The flask was flushed with nitrogen and 
charged with pyridine (9.89 g, 125 mmol) and 1-bromohexane (26.91 g, 163 mmol). The reaction 
mixture was heated on a Heat-On™ block to 40°C for 24 hr and then cooled to room temperature. Dry 
ethyl acetate (50 ml) was then added, with stirring, to the mixture containing crude product to extract 
unreacted starting materials in the supernatant layer and the process was repeated three times. 
Residual ethyl acetate was removed and the IL dried under vacuum using a rotavap at 30°C for 72 hr. 
The final product was stored under vacuum and in a desiccator to avoid contact with moisture in the 
atmosphere. 
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Table 2-1 Ionic liquids prepared in this work 
Ionic liquid Structure 
Abbreviated 
nomenclature 
1-Hexylpyridinium bromide 
N
+
Br -
 
 
 
HPyrBr 
1-(2-Cyanoethyl)-3-
methylimidazolium bromide 
a
 
N
+
N
CN
Br
 
 
“CMIMBr” 
1-Butyl-3-methylimidazolium 
chloride 
N
+
N
Cl
 
 
BMIMCl 
1-Propyl-3-methylimidazolium 
bromide 
N
+
N
Br
 
PMIMBr 
1-Butyl-3-methylimidazolium 
bromide 
N
+
N
Br
 
BMIMBr 
1-Hexyl-3-methlimidazolium 
bromide 
N
+
N
Br
 
HMIMBr 
1-(4-sulfonic acid) butyl-3-
methylimidazolium hydrogen 
sulfate 
N
+
N
SO
3
H
HSO4
-
 
SMIMHSO4 
1-(4-sulfonic acid) 
butylpyridinium hydrogen 
sulfate N
+
SO
3
H
HSO
4
-
 
SPyrHSO4 
a 
Attempted preparation 
 
1-Propyl-3-methylimidazolium bromide (PMIMBr) 
 
Synthesis of PMIMBr was carried out using the procedure described for HPyrBr, with 1-
methylimidazole (10.26 g, 125 mmol) and 1-bromopropane (20.05 g, 163 mmol), as reagents. 
  
1-Butyl-3-methylimidazolium bromide (BMIMBr) 
 
Synthesis of BMIMBr was carried out using the procedure described for HPyrBr, with 1-
methylimidazole (10.26 g, 125 mmol) and 1-bromobutane (22.34 g, 163 mmol), as reagents. 
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1-Hexyl-3-methlimidazolium bromide (HMIMBr) 
 
Synthesis of HMIMBr was carried out using the procedure described for HPyrBr with 1-
methylimidazole (10.26 g, 125 mmol) and 1-bromohexane (26.91 g, 163 mmol) as reagents.   
 
1-Butyl-3-methylimidazolium chloride (BMIMCl) 
 
Synthesis of BMIMCl was carried out using the procedure described for HPyrBr with 1-
methylimidazole (10.26 g, 125 mmol) and 1-chlorobutane (15.09 g, 163 mmol) as reagents.  In this 
particular case however the 24hr syntheses were carried out at three different reaction temperatures 
(40°C, 60°C and 80°C).  
 
Attempted synthesis of 1-(2-Cyanoethyl)-3-methylimidazolium bromide (“CMIMBr”) 
 
Attempts to synthesise “CMIMBr” were carried out using the procedure described for HPyrBr with 1-
methylimidazole (10.26 g, 125 mmol) and 3-bromopropionitrile (21.84 g, 163 mmol), as reagents.  The 
reaction was carried out at two temperatures 20
o
C and 40
o
C with the reaction mixture being stirred 
under reflux at room temperature (20°C) and at 40°C for 24 hr to give a product IL.  
 
1-(4-sulfonic acid) butyl-3-methylimidazolium hydrogen sulfate (SMIMHSO4) 
 
A 250 ml three-necked, round-bottomed flask equipped with a nitrogen bubbler, a reflux condenser, a 
thermometer and a magnetic stirrer flea, was flushed with nitrogen and charged with 1-
methylimidazole (16.42 g, 0.2 mol) and 1, 4-butane sultone (27.23 g, 0.2 mol). The reaction mixture 
was heated on a Heat-On™ block to 40°C for 24 hr and then cooled to room temperature. Dry diethyl 
ether (100 ml) was then added to the mixture of the white solid zwitterion product, with stirring, to 
extract unreacted starting materials in the supernatant layer which was removed by filtration, and the 
process was repeated three times. Residual diethyl ether was removed under vacuum, and the 
zwitterion dried in vacuo at 30°C for 72 hr. A stoichiometric amount of concentrated sulfuric acid 
(10.88 ml, 0.2 mol) was then added dropwise to the zwitterion and the mixture stirred under nitrogen 
at 80°C for 24 hr. The resulting IL product was further washed with dry diethyl ether (50 ml x3 times) 
and dried in vacuo at 50°C for 72 hr. 
 
1-(4-sulfonic acid) butylpyridinium hydrogen sulfate (SPyrHSO4) 
 
Synthesis of SPyrHSO4 was carried out using the procedure described for SMIMHSO4 with pyridine 
(15.82g, 0.2 mol) and 1, 4-butane sultone (27.23 g, 0.2 mol), as reagents. 
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2.2.2.2 Microwave assisted synthesis 
 
Two types of microwave reactor were used in this study, an open vessel and closed vessel 
microwave reactor. The open vessel equipment was a Baumatic stainless steel microwave (model 
number: BTM17.3SS), equipped with inverter technology which allows variable continuous heating 
power with a maximum output of 700W. The inverter feature provides a more uniform power 
distribution to the reagents as opposed to the conventional microwave ovens which vary their heating 
strength by switching off and on the magnetron of constant power output. The closed vessel 
laboratory microwave reactor used in this work was an Anton Paar Microwave Multiwave 3000 reactor, 
(Anton Paar, Hertford, UK). This was a 16-vessel model equipped for closed heating with temperature 
and pressure monitoring with a maximum power supply of 1400W.  
 
Figure 2-1 shows (a) the open vessel microwave oven and (b) the Anton Paar microwave reactor 
used in this work. 
 
                          
   (a)     (b) 
Figure 2-1 Microwave reactors used for the synthesis of ILs: (a) Open vessel microwave oven, 
(b) Anton Paar microwave reactor 
 
2.2.2.2.1 Synthesis of ILs in the open vessel microwave reactor 
 
Preparation of HPyrBr, PMIMBr, BMIMBr, HMIMBr, BMIMCl and “CMIMBr” 
 
The reagents used in the open vessel system for the preparation of HPyrBr, “CMIMBr”, PMIMBr,  
BMIMBr, BMIMCl and HMIMBr, along with the power settings and durations are listed in Table 2-2. 
The general procedure used is illustrated for the synthesis of the HPyrBr synthesis. 
 
Pyridine (9.89 g, 125 mmol) and 1-bromohexane (26.91 g, 163 mmol) were added to a 250 ml conical 
flask, and heated in the Baumatic stainless steel open vessel microwave at the specified power and 
durations shown in Table 2-2 with 3 minutes of intermittent stirring in between each heating. In the 
case of HPyrBr, the conditions used were a heating cycle in which each cycle was followed by a 3 
minute stirring: at 280W for 15 sec, at 420W for 15 sec, at 560W for 15s, at 420W for 15s, and at 
280W for 15s,. At the end of the microwave irradiation, the mixture of IL and unreacted starting 
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materials were left to cool to below 50°C, dry ethyl acetate (50 ml) was then added to the mixture with 
stirring to extract unreacted starting materials in the supernatant layer, and the ethyl acetate step was 
repeated three times, and any residual ethyl acetate was removed and the IL dried in vacuo in 
rotavap at 30°C for 72 h.    
 
Table 2-2 Reaction conditions for IL syntheses in the open vessel microwave reactor 
Ionic liquid Reagents Power (W) x duration (sec) 
a
 
HPyrBr 
Pyridine (9.89 g, 125 mmol) 
1-Bromohexane (26.91 g, 163 mmol) 
(280Wx15s)+(420Wx15s)+(560Wx15s)+ 
(420Wx15s)+( 280Wx15s) 
“CMIMBr” 
1-Methylimidazole (10.26 g, 125 mmol) 
3-Bromopropionitrile (21.84 g, 163 mmol) 
(280W x20s)+(280W x20s)+( 280W x20s) 
PMIMBr 
1-Methylimidazole (10.26 g, 125 mmol) 
1-Bromopropane (20.05 g, 163 mmol) 
(280W x10s)+ (140Wx10s)+(140Wx5s) 
BMIMBr 
1-Methylimidazole (10.26 g, 125 mmol) 
1-Bromopropane (20.05 g, 163 mmol) 
(280W x10s)+ (280Wx5s)+ (280W x5s)+ 
(140Wx5s) 
HMIMBr 
1-Methylimidazole (10.26 g, 125 mmol) 
1-Bromohexane (26.91 g, 163 mmol) 
(140Wx20s)+(140Wx20s)+ 
(140Wx20s)+(140Wx10s) 
a
 + sign indicates 3 min of intermittent stirring and cooling of the reagent flask between heating. 
 
2.2.2.2.2 Synthesis of ILs in the closed vessel Anton Paar microwave reactor 
 
Preparation of HPyrBr, PMIMBr, BMIMBr, HMIMBr, BMIMCl and “CMIMBr” in closed-vessel 
microwave 
 
The reagents used for the syntheses of these ionic liquids in the closed vessel Anton Paar microwave 
reactor were the same as those used in the open microwave syntheses and they were used in the 
same molar proportions (Table 2-2). The syntheses in the Anton Paar reactor are illustrated by the 
procedure for HPyrBr which is applicable to the other ILs, PMIMBr, BMIMBr, HMIMBr, BMIMCl and 
“CMIMBr”: 
 
A PTFE reaction vessel, equipped with a magnetic stirrer and temperature/pressure probes was 
charged with pyridine (9.89 g, 125 mmol) and 1-bromohexane (26.91 g, 163 mmol). The mixture was 
irradiated at variable temperatures (50°C, 60°C, 70°C, 80°C), programmed to ramp up to the target 
temperature over 5 min and to continue the thermal treatment for a total duration of 60 min. At the end 
of the microwave irradiation, the reaction vessel containing a mixture of IL and unreacted starting 
materials was left to cool to below 50°C prior to washing the resulting mixture with dry ethyl acetate 
(3x50ml), the residual solvent was evaporated off, and the IL product dried under vacuum in a rotavap 
at 30°C for 72 hr. The final product was stored under vacuum in a desiccator.    
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2.2.2.2.3 Synthesis of ILs in a two-stage microwave reactor using an open vessel and the 
closed vessel Anton Paar microwave reactor 
 
Preparation of SMIMHSO4 and SPyrHSO4 
 
Synthesis of the ionic liquids SMIMHSO4 and SPyrHSO4 by microwave-assisted methods was carried 
out in a two-stage process with the first stage being carried out in an open-vessel reactor and the 
second stage being carried out in a closed vessel reactor.  A two-stage process was used in the 
microwave-assisted synthesis of these ILs because poor yields of the zwitterions were obtained in 
attempted synthesis in a closed vessel only reactor.  The use of concentrated acids in the second 
stage makes it important to carry out this stage in a closed vessel reactor because of safety risks that 
would arise in an open vessel. 
 
The  first stage of the synthesis of SMIMHSO4 in the open vessel microwave reactor  involved the 
production of the zwitterion by irradiating 1-methylimidazole (16.42 g, 0.2 mol) and 1, 4-butane 
sultone (27.23 g, 0.2 mol) in a 125 ml conical flask in the Baumatic stainless steel microwave . The 
reaction mixture was heated at the power and duration specified in Table 2-3, with three minutes of 
intermittent stirring between each heating. At the end of the irradiation, dry diethyl ether (100 ml) was 
added, with stirring, to the mixture of the white solid zwitterion product and unreacted starting 
materials, to remove the starting materials in the supernatant layer.  The solid product was collected 
by filtration, and the ethyl acetate washing repeated three times. Residual diethyl ether was removed 
and the zwitterion dried in vacuo at 30°C for 72 h. A stoichiometric amount of concentrated sulphuric 
acid (10.88 ml, 0.2 mol) was then added dropwise to the zwitterion in the PTFE reaction vessel, in the 
second stage of the process, and irradiated in the closed vessel Anton Paar microwave reactor, 
programmed to ramp to 80°C over 5 minutes and continued for the total duration of 20 minutes. The 
resulting IL product was further washed with dry diethyl ether (50 ml x3 times) and dried in vacuo at 
50°C for 72 hr. 
 
The same general procedure was used for the synthesis of SPyrHSO4 using the zwitterions prepared 
with pyridine (15.82g, 0.2 mol) and 1, 4-butane sultone (27.23 g, 0.2 mol). 
 
Table 2-3 Reaction conditions for SMIMHSO4 and SPyrHSO4 zwitterion syntheses in the open 
vessel household microwave reactor 
Ionic liquid Reagents Power (W) x duration (sec) 
a
 
SMIMHSO4 
1-Methylimidazole (16.42 g, 0.2 mol) 
1, 4-Butane sultone (27.23 g, 0.2 mol) 
(140Wx10s)+(140Wx10s)+ 
(140Wx10s)+(140Wx10s)+ 
(140Wx10s)+(140Wx10s)+(140Wx10s) 
SPyrHSO4 
Pyridine (15.82g, 0.2 mol) 
1, 4-Butane sultone (27.23 g, 0.2 mol). 
(280Wx20s)+(280Wx20s) 
a
 + sign indicates 3 min of intermittent stirring and cooling of the reagent flask between heating. 
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2.3 Characterisation of the ionic liquids 
 
The dried and purified ionic liquids prepared by conventional and microwave syntheses in this work 
were characterised using the analytical techniques described in this section. The techniques used in 
the characterisations were: mass spectrometry (MS), thermal analysis (TG/DSC), thin layer 
chromatography (TLC), proton nuclear magnetic resonance spectroscopy (
1
HNMR), Fourier 
Transform infrared spectroscopy (FTIR), elemental analysis (C,H,N,S,O, Br and Cl) and Karl-Fischer 
titration (KF). The details of the methods and instrumentation used are described in the following 
sections.  
 
2.3.1 Mass Spectrometry 
 
Mass spectrometry provides information on molecular weight of a compound. The general procedure 
involves the electrospray ionisation of sample into charged particles where they are detected and 
molecular mass measured. Nanospray ionisation technique was used in both positive and negative 
ionisation modes for the characterisation of ILs. The preparation of sample involved dissolving 5 mg 
of sample in 250 µL of methanol (unless stated otherwise), and further diluting 50 µL of the sample 
solution in 250 µL of methanol. The analysis was conducted on the Waters ZQ4000 spectrometer 
(Waters Corporation, Hertfordshire, UK). Advion NanoMate inlet was used with a 96-well plate, 
corresponding transfer tips and 400-nozzle spray-chip. The following conditions were used: mass 
range (m/z): 4000 (calibration range: m/z 50-2000), sample inlet: 5 µL at infusion rate of 0.25 µL/min, 
source temperature 45°C, cone gas flow: 30L/hr (nitrogen), spray voltage: (+ or -) 1.55 kV ±0.1 kV, 
spray time: ca. 2 min. Different cone voltages (10, 20, 50, 90 cone volts) were applied consecutively, 
each for 30 seconds. Mass spectrometry was carried out at the EPSRC National Mass Spectrometry 
Service Centre at University of Wales, Swansea. 
 
In some cases, accurate mass electrospray measurements were conducted using a Thermofisher 
LTQ Orbitrap XL coupled with an Advion TriVersa Nanomate chip-based electrospray infusion system 
with a mass accuracy of <3 ppm. Sample was diluted into methanol and injected at a flow of 
approximately 0.25µL/min. Source settings: source temperature: 200°C, sheath gas flow: 2 (arbitrary 
units), capillary (ionising) voltage: positive ionisation: 1.4kV, negative ionisation: -1.4kV. 
 
2.3.2 Thermal Analysis 
 
Thermal analysis of the ILs prepared was carried out using thermogravimetry with differential 
scanning calorimetry (TG-DSC) in which weight loss and heat flow of the sample are recorded over a 
range of temperature.  
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The procedure involved the addition of 10-20 mg of IL into an alumina crucible, and the temperature 
was ramped to 700°C at 10°C/min. The experiment was carried out using a Rheometric Scientific 
Simultaneous Thermogravimetric-Differential Scanning Calorimeter (Rheometric Scientific ltd., Surry, 
UK) in N2 atmosphere with a gas flow of 50ml/min and aluminium oxide as a reference material. Data 
points were collected at 5 second intervals. Onset decomposition temperatures of ILs were 
determined by finding the interception between two tangents lines drawn on the TG curve where 
weight loss began and at the highest gradient of the curve respectively (Figure 2-2). The minimum 
point on the DTG curve (derivative thermogravimetry or rate of weight change with time) or the lowest 
point on DSC curve (which represents endothermic reaction) indicates the temperature at which IL 
enters gaseous phase. 
 
 
Figure 2-2 Determination of onset decomposition temperature on TG curve 
 
2.3.3 Thin Layer Chromatography 
 
Thin Layer Chromatography (TLC) determines relative polarity of a compound expressed as “ratio to 
front” value (Rf value) (142). Rf value for any given compound is fixed when the conditions of 
measurements are kept constant. TLC can also be used to determine whether a compound is a single 
substance or a mixture by observing the number of spots developed on a silica plate. The IL sample 
was applied in a small spot near the base of the silica plate (POLYGRAM
®
 SIL G/UV254, 0.20mm 
silicate with fluorescent indicator, Macherey-Nagel, Germany) by a micro pipette. The plate was 
placed in a glass jar containing an appropriate mixture of volatile solvents, specific for each IL. The 
solvent was left to ascend the plate to the top of the plate when it was removed from the jar and 
allowed to dry. The silica plate was placed under the UV lamp with 254nm wavelength (UVIlite 230V, 
50/60Hz, Uvitec, UK). With the UV light, the IL spot together with other impurities (if any) can be 
observed as separated vertically on the plate. The Rf value is calculated as a ratio of the distance 
travelled by substance, under study, with respect to the distance travelled by solvent front.            
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2.3.4 Proton Nuclear Magnetic Resonance Spectroscopy 
 
Proton nuclear magnetic resonance spectrometry (
1
HNMR) provides information on the number, type 
and relative positions of hydrogen (proton) atoms in a molecule. The 
1
HNMR spectra of ILs dissolved 
in a suitable deuterated solvent (DMSO-d6, unless stated otherwise) were obtained on a Bruker 
AV600 spectrometer (600MHz) with a 5mm 
1
H/
19
F dual probe at 30°C. The chemical shifts were 
referenced with respect to external standard tetramethylsilane (Me4Si).
 1
HNMR spectra of ILs were 
recorded at School of Biological and Chemical Sciences, Queen Mary University of London. 
 
2.3.5 Fourier Transform Infrared Spectrometry 
 
Known as FTIR, this method identifies the presence of functional groups in a compound. The 
procedure involves creating a thin liquid film of IL between two NaCl discs. The NaCl is transparent to 
the infrared and therefore does not interfere with the resulting spectra. The FTIR spectra were 
obtained on a Nicolet Magna 560 spectrometer (Nicolet Instruments ltd., Warwick, UK) at room 
temperature with 100 scans and a selected resolution of 8 cm
-1
. 
 
2.3.6 Elemental Analysis 
 
For the determination of CHN/S and oxygen content, a Thermo Flash EA 1112 Elemental Analyzer 
(CE Instruments, Wigan, UK) was used.  For CHN/S analysis, the sample was placed in a tin capsule 
which is placed inside the autosampler drum. The sample is purged by helium and dropped at pre-set 
intervals into a vertical quartz tube maintained at 900ºC.  For the determination of oxygen content, 
sample was placed in a silver container and inserted into a pyrolysis furnace at 1060°C. Thermal 
conductivity detector was used with EAGER 300™ software. 
The halide content was determined by oxygen bomb combustion (schoniger flask combustion) 
followed by titration with mercuric nitrate solution in a propan-2-ol solution using phenylazoformic acid 
2-phenylhydrazine as an indicator.  CHN/S and oxygen microanalysis and halide determination were 
conducted at MEDAC Ltd. 
 
2.3.7 Karl-Fischer titration 
 
Coulometric Karl-Fischer titration determines water content of the sample. A Mettler Toledo C20 
Coulometric Karl-Fischer titrator was used with HYDRANAL
®
-Coulomat AG reagent (Fluka) as the 
anolyte solution. The IL sample was dissolved in HYDRANAL
®
 dry methanol and approximately 0.1 g 
was injected. HYDRANAL
®
 Water standard 1.00 and HYDRANAL
®
 Water standard 0.10 (Fluka) were 
used to validate the instrument with systematic error less than 0.5 µg. The instrument validation report 
is included in Appendix B. 
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2.4 Characterisation data of ILs and their interpretation 
 
Ionic liquids prepared using conventional and microwave-assisted methods were characterised and 
the results and interpretation are provided in the discussion below. Because similar trends were 
observed in the characterisation of all the ILs, a detailed characterisation is provided only for HPyrBr 
and SMIMHSO4 as examples while generic observations are made for the rest of the ILs with only 
special features highlighted. Characterisation data and spectra are provided in Appendix C. 
 
2.4.1 Characterisation of the prepared HPyrBr 
 
The synthesis of HPyrBr was achieved by quaternisation of pyridine and 1-bromohexane (30% 
excess). Three synthesis routes were employed: i) the conventional method; ii) a microwave-assisted 
method using the closed vessel reactor, and; iii) a microwave-assisted method using an  open vessel 
reactor. While use of conventional synthesis in a completely enclosed, dry and inert atmosphere 
prevents hydration of the product and minimises the formation of impurities from decomposition, 
microwave synthesis methods reduce the reaction times considerably. The risks of product 
decomposition in the microwave synthesis methods from excessive heating and local ‘hot spots’ 
however cannot be overlooked. The semi-open nature of the microwave synthesis methods also 
means that more moisture is absorbed during the preparation, and although this effect can be 
alleviated by drying the final product under vacuum, it can be a disadvantage. A comparison of 
characterisation data for the ILs obtained conventionally and via microwave-assisted routes is 
presented in the following sections to determine any differences in quality between the products.  
 
In terms of the synthesis conditions and yields, HPyrBr was prepared under very mild, inert and dry 
conditions in the conventional method in order to avoid as much as possible any decomposition and 
hydration of the product. A yield of 82% was obtained when the reaction was carried out over 24 
hours at 40°C. Table 2-4 contains information on the yields of HPyrBr and the other ILs prepared by 
conventional synthesis. A yield of 99% was also obtained in the open vessel microwave reactor with a 
short reaction time (1 min 15 sec). The closed vessel (Anton Paar) microwave reactor offers better 
control of temperature and the formation of HPyrBr at various irradiation temperatures from 50°C to 
80°C with a reaction time of 60 min increases exponentially (Figure 2-3). The yields of the other ILs 
prepared in this way (PMIMBr, BMIMBr and HMIMBr) are much higher (85-98%) (Table 2-43) but the 
yield of HPyrBr can be increased.  
  
All of the HPyrBr products obtained from conventional and microwave methods were slightly yellow in 
colour (Figure 2-4) and were viscous liquids that crystallised below 54°C (observed from the DSC 
thermogram). HPyrBr and several other ILs in this study were obtained in the “supercooled state” 
upon cooling from the melt, that is, they remain liquid below their melting points and only formed 
crystals over a longer period of cooling. This is in accordance with previous studies (63, 68, 99) and 
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has been explained by Holbrey and co-workers in terms of a kinetic phenomenon in which  bulk 
molten IL samples crystallise on standing at room temperature (63) in a process that can  take  
several hours.  
 
Table 2-4 Reaction conditions and yields of ILs synthesised via conventional route 
a
 
Ionic liquid Time Temp Yield (%) 
HPyrBr 24 hr 40 82 
PMIMBr 24 hr 40 98 
BMIMBr 24 hr 40 95 
HMIMBr 24 hr 40 90. 
HMIMBr 24 hr 60 96 
BMIMCl 24 hr 40 21 
BMIMCl 24 hr 60 21 
BMIMCl 24 hr 80 99 
a
 Molar excess of haloalkane = 30%, synthesised in dry N2. 
 
 
Figure 2-3 Monitoring of HPyrBr formation in the closed vessel microwave reactor over a range 
of temperatures (50-80°C) with reaction time of 60 min (exponential relationship). Starting 
materials: pyridine (9.89 g, 125 mmol) and 1-bromohexane (20.05 g, 163 mmol). 
 
 
Figure 2-4 Appearance of the ILs prepared in this study 
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2.4.1.1 Thermal Analysis 
 
Thermal analysis of HPyrBr was carried out using TG-DSC, and, because the presence of water is 
known to affect the physical properties of ILs (74), IL samples were dried under vacuum with stirring  
for 72 hr at 30°C and the water content determined immediately prior to full characterisation. The 
accurate water contents of the ILs obtained by Karl Fischer methods are contained in Table 2-5 along 
with the decomposition temperatures of ILs, obtained from thermal analysis. The choice of crucible 
materials and atmosphere in which the thermogravimetric analysis is carried out, are important 
parameters in thermal analysis. Examples of the effects of these parameters are: (a) it was observed 
that in an air atmosphere, the thermal stability of some ILs is reduced and exothermic decomposition 
has been (68, 143)detected, and (b) the presence of certain crucible materials such as aluminium  
can accelerate the degradation of halide ILs (68, 144). In this study, although no reduced thermal 
stability of HPyrBr was observed when the analysis was carried out in an aluminium crucible, the IL 
samples were always analysed in alumina crucibles and under N2.  Figure 2-5 shows a typical TG-
DSC profile of HPyrBr obtained by microwave-assisted synthesis method as an example. The TG-
DSC profiles of other HPyrBr samples are similar, while those of the other ILs show the same general 
trends. In general, the first endotherm (48-50°C) on the DSC thermogram corresponds to the melting 
of crystalline HPyrBr. Thermogravimetric analysis of HPyrBr shows a gradual weight loss of about 2-
5% at or below 200°C, followed by a major weight loss  at around 200-280°C. The decomposition of 
HPyrBr is endothermic as indicated by the endotherm on the DSC curve. The minimum of the DSC 
endotherm indicates the temperature at which the IL is decomposed and is in the range 256-265°C for 
HPyrBr (Figure 2-5).   
 
The onset decomposition temperature was determined from the TG curve, using the step-tangent 
method, which indicates the temperature at which evolution of volatile products from the sample 
occurs. These values are in Table 2-5. The onset decomposition temperature determined by fast-scan 
TGA, however, only indicates the temperature at which IL decomposes under the specified and 
controlled conditions (i.e. inert N2 atmosphere and uniform heating rate) and is not a true indication of 
the upper limit of stability of the ILs or their long-term thermal stability. For this reason, onset 
decomposition temperatures determined from rapid TG analysis should only be used for the purpose 
of data comparison and as a preliminary guideline of the decomposition of the IL, and more accurate 
stability limit of an IL should be always be checked with the actual conditions used in any particular 
application. This can be obtained from measurements of the temperatures at which a certain degree 
of mass loss occurs (143, 145) and in the present work the temperatures at which a 5% mass loss 
occurs after a temperature of 200°C has been reached, defined as T5%, were measured and the 
results are in Table 2-5 along with their water contents determined by Karl Fischer titration.  
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Figure 2-5 TG-DSC profile of HPyrBr obtained from heating in the Anton Paar at 50°C for 60 
min. Heating programme: N2 atmosphere at 10°C/min from 20-700°C in alumina crucible. This 
profile is typical for all HPyrBr samples where melting point is between 48-50°C, onset 
decomposition temperature at 228-234°C and major weight loss occurs at 200-280°C. 
 
Table 2-5 Thermal analysis of HPyrBr samples obtained from different synthesis methods  
Entry Synthesis method T onset (°C)
 a
 
DSC 
minimum 
(°C) 
T5% 
b
 
 
Water content 
(ppm) 
1 Reflux at 40°C, N2 atmosphere 233 263 219 741 
2 Anton Paar microwave at 50°C 230 265 222 912 
3 Anton Paar microwave at 60°C 228 256 219 3514 
4 Anton Paar microwave at 70°C 234 260 220 937 
5 Anton Paar microwave at 80°C 228 269 219 781 
6 Open vessel microwave 229 262 224 3892 
7 IoLitec 233 262 220 514 
a
 T onset = Onset decomposition temperature, determined by TGA curve using a step-tangent method.  
b
 T5% = Temperature at which 5% mass loss occurs after 200°C to allow for any loss of water. 
 
All of the HPyrBr samples prepared in this work and the purchased reference sample (Entry 7) show 
similar thermal behaviour.  
 
2.4.1.2 FTIR spectroscopy  
 
The FTIR spectra of samples of dried liquid HPyrBr were obtained on the Nicolet Magna 560 
spectrometer in 100 scans and with a resolution of 8 cm
-1
 using NaCl discs. As all of the FTIR spectra 
of HPyrBr samples from different synthesis methods in this work are similar, a typical FTIR spectrum 
of HPyrBr is shown in Figure 2-6 as an example. Detailed assignment of the absorption bands are 
given in Table 2-6.  
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In general, the absorption bands were consistent with the functional groups present in the compound. 
The assignments of the absorption bands followed previous report in the literature with good 
agreement (146). The FTIR spectra of HPyrBr samples obtained via microwave methods showed no 
significant difference to that obtained conventionally (Figure 2-7). The broad peak in the O-H band 
region (3400-3500 cm
-1
) is attributed to higher water content in some samples absorbed from the 
atmospheric moisture. The effects and implications of the moisture dissolved in ILs on the FTIR 
absorption bands and their dissolution behaviour are discussed in detail in Chapter 3.   
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Figure 2-6 FTIR spectrum of HPyrBr obtained as neat liquid (NaCl discs) with 100 scans and 
resolution of 8 cm
-1 
 
  
 
Figure 2-7 Comparison of FTIR spectra of HPyrBr samples obtained conventionally (black) and 
via microwave routes (red). Analysis conditions: neat liquid using NaCl discs with 100 scans 
and resolution of 8 cm
-1
. The broad peak at 3400-3500 cm
-1
 (OH stretch) is due to moisture 
present in the sample. 
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Table 2-6 Assignment of FTIR absorption band for HPyrBr 
Assignment Wavenumber (cm
-1
) 
OH moisture 3407 
Aromatic CH stretching 3128, 3082 
Aromatic CH stretching  3054, 3023, 3007  
CH3 stretching (asym.) 2953 
Aliphatic CH2 (sym.) 2929, 2862 
Aromatic C-C stretching 1629 
Aromatic stretching/deformation 1488 
C-CH3 bending (asym.) 1453 
C-CH3 bending (sym.) 1371 
Ring bending in-plane sym 1327, 1282 
Ring C-N stretching 
Ring bending in-plane (asym.) 
1175 
Ring bending in-plane (asym.) 1159 
Ring bending out-of-plane (asym.) 775 
C-CH2 bending 727 
Ring bending out-of-plane (sym.) 689 
 
2.4.1.3 ESI mass spectrometry 
 
The ESI mass spectra of HPyrBr (in methanol) were obtained using a Waters ZQ4000 spectrometer  
equipped with Advion NanoMate inlets in both positive and negative nanospray ionisation scan modes. 
Electron ionization or chemical ionization techniques are not suitable for characterisation of ionic 
liquids because of the ionic nature and low vapour pressure of the compounds. Therefore, an 
alternative ‘soft ionisation’ technique (ESI-MS) was used. 
 
As all HPyrBr samples yielded similar mass spectra, a typical positive-ion mode ESI mass spectrum is 
shown in Figure 2-8 as an example. The base peaks at m/z 164 and 165 correspond to the parent 
cation, [HPyr]
+
 ([C11H18N]
+
), with the peak at m/z 165 being a satellite peak of the 
13
C isotope, which is 
confirmed by its relative abundance of 12% of the normalised base peak height (m/z 164). This is in 
agreement with the expected isotopic pattern (Table 2-7). A peak with an m/z at 80 is due to the loss 
of the hexyl group from the [HPyr]
+
 cation giving [C5H6N]
+
. 
 
The ESI process is known to promote clustering of ions, and the group of peaks at m/z 407-410 is due 
to the cluster of [Cation2Anion]
+
, formed by loose hydrogen bonding between cations and anions in 
the gas phase (78, 147). The observation of cluster formation of the ions in the ESI-MS has been 
reported in a number of publications (148-152). ESI is a ‘soft ionisation’ technique which allows the 
transfer of clusters from solution to the gas phase. The cluster in the spectrum of [HPyr]
+
 is 
characterised by a doublet separated by 2 amu (m/z 407 and 409) and with relative abundance  close 
to a 1:1 ratio - a characteristic isotopic pattern of compounds with one Br
 
atom (containing the two 
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isotopes 
79
Br and 
81
Br). Two smaller peaks adjacent to the main base peaks with 1 amu interval are 
due to the 
13
C isotope. A graphical representation of these cluster peaks compares well with the 
calculated isotopic pattern of the proposed structure (Figure 2-9). 
 
 
Figure 2-8 The positive-ion mass spectrum of HPyrBr in methanol at a cone voltage of 10 V. 
The peak of the parent cation (HPyr
+
) is at m/z 164. Formation of cluster ions 
([Cationn+1Anionn]
+
, n=1-3) is observed at m/z 407, 652 and 897 at lower abundances. 
 
Likewise, the presence of other clusters [Cationn+1Anionn]
+
 where n is up to 3 is observed, with their 
isotopic patterns in excellent agreement with the calculated ones (Table 2-7). For example, the cluster 
[Cation3Anion2]
+
 generates a triplet at m/z 650-655, representing the presence of two Br atoms, while 
the [Cation4Anion3]
+ 
ion shows a quintet, characteristic of three Br atoms (Table 2-7). 
 
Sometimes, clustering of the adduct ion with the cations and anions such as the peak at m/z 752 
([NaBr+Cation3Anion2]
+
) and 995 ([NaBr+Cation4Anion3]
+
) can be observed although at very weak 
abundance. Sodium is a common adduct ion in ESI and the inclusion of a neutral molecule of NaBr 
would maintain the singly charged nature of the cluster. 
 
The negative-ion mode ESI scan generates a base peak showing the parent anion ([Br]
-
) at m/z at 79 
and 81. Clusters of the [CationnAnionn+1] 
-
 ions with lower abundance are observed up to n = 3 (Figure 
2-10). The observed isotopic patterns of these cluster ions are in agreement with the calculated 
distribution (Figure 2-11 and Table 2-8). The peak clusters at m/z 97-99 and 115-117 are likely to be 
the complexes of Br
- 
and water molecules and complexes of Br
-
 with the solvent (methanol), but these 
peaks are however instrument- and not molecule-specific.   
 
The peaks in the mass spectra due to the cluster ions are reduced by increasing the cone voltage to 
50V where the conditions lead to the breakdown of the clusters to give small fragments. 
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Figure 2-9 Graphical representation of [Cation2Anion]+ peaks for HPyrBr showing excellent 
agreement between the calculated isotopic pattern (top) and detected peaks (bottom) at cone 
voltage of 10 V 
 
Table 2-7 Positive-ion mode ESI-MS spectrum of HPyrBr (in methanol) at 10 V cone voltage 
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Cation]
+
 [C11H18N]
+
 164.2, 165.2, 166.2  164, 165, 166 
[Cation-hexyl group]
+
 [C5H6N]
+
 80.3 80, 81, 82 
[2Cation-H]
+
 [C22H35N2] ]
+
 327.4, 328.4 327, 328, 329, 330 
[2Cation+Anion]
+
 [C22H36N2Br]
+
 
407.4, 408.4, 409.4, 410.4, 
411.4 
407, 408, 409, 410, 411, 412 
[3Cation+2Anion]
+
 [C33H54N3Br2]
+
 
650.3, 651.3, 652.4, 654.4, 
655.4, 656.4 
650, 651, 652, 653, 654, 655, 
656, 657 
[4Cation+3Anion]
+
 [C44H72N4Br3]
+
 
893.7, 894.5, 895.6, 897.5, 
898.5, 899.5, 900.4 
893, 894, 895, 896, 897, 898, 
899, 900, 901, 902, 903 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
 
Table 2-8 Negative-ion mode ESI-MS spectrum of HPyrBr (in methanol) at 20 V cone voltage 
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Anion]
-
 [Br]
-
 79.1, 81.1 79, 81 
[M-H]
-
 [C11H17NBr]
-
 242.2, 243.2, 244.2, 245.2 242, 243, 244, 245, 246 
[2Anion+Cation]
-
 [C11H18NBr2]
-
 
322.2, 323.2, 324.2, 325.2, 
326.2, 327.1 
322, 324, 325, 326, 327, 328 
[3Anion+2Cation]
-
 [C22H36N2Br3]
-
 
565.3, 566.3, 567.2, 568.3, 
569.3, 570.2, 571.1, 572.3  
565, 566, 567, 568, 569, 570, 
571, 572, 573, 574 
[4Anion+3Cation]
-
 [C33H54N3Br4]
-
 
808.4, 809.4, 810.4, 811.4, 
812.3, 813.3, 814.4, 815.3, 
816.3, 817.3 
808, 809, 810, 811, 812, 813, 
814, 815, 816, 817, 818, 819  
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
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Figure 2-10 The negative-ion mass spectrum of HPyrBr in methanol at a cone voltage of 20 V. 
The peak of the parent anion (Br
-
) is at m/z 79 and 81. Formation of cluster ions 
([CationnAnionn+1]
-
, n=1-3) is observed at m/z 324, 569 and 812 at lower abundances. 
 
 
Figure 2-11 Graphical representation of [Cation3Anion4]
- 
peaks for HPyrBr showing excellent 
agreement between the calculated isotopic pattern (top) detected peaks (bottom) at cone 
voltage of 20V 
 
2.4.1.4 Accurate mass spectroscopic measurements 
 
To confirm the data from ESI-MS spectra, detailed mass spectroscopic information on HPyrBr was 
obtained by accurate mass spectroscopic measurements using Thermofisher LTQ Orbitrap XL 
coupled to an Advion TriVersa NanoMate chip-based electrospray infusion system with a mass 
accuracy of <3 ppm. Accurate mass spectroscopy provides the best means of identifying and 
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confirming the structure of ionic liquids and in the case of HPyrBr, fully confirm the composition and 
structure of cation, anion and their clusters in both positive and negative mode within 1.7 ppm (Table 
2-9 and Figure 2-12). The enlarged scan for each peak cluster is provided in Appendix C.  
 
Figure 2-12 Accurate mass measurements of HPyrBr in positive (top) and negative (bottom) 
nanospray ESI mode in methanol. 
 
Table 2-9 Accurate mass measurements in positive and negative nanospray modes of HPyrBr 
(in methanol) in comparison with theoretical values 
Detected mass Theoretical mass 
Delta mass 
(ppm) 
Assignment 
164.1431 164.1434 1.7 [cation]+ 
407.2059 407.2056 0.6 [2cation+anion]
+
 
752.1759 752.1760 -0.1 [3cation+2anion+NaBr]
+
 
995.2374 995.2383 -0.9 [4cation+3anion+NaBr]
+
 
321.9817 321.9811 1.7 [2anion+cation]
-
 
565.0441 565.0434 1.2 [3anion+2cation]
-
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2.4.1.5 1H NMR spectroscopy 
 
The 
1
H NMR spectra of HPyrBr were obtained using a Bruker AV600 spectrometer (600MHz) with 
tetramethylsilane (Me4Si) as an external standard at 30°C in deuterated DMSO-d6. The 
1
H NMR 
spectra for all the HPyrBr samples showed similar chemical shifts and splitting pattern with the 
following data:  
1
H NMR (600 MHz, DMSO-d6, TMS): δ = 9.09 (d, 2H, CHNCH, J=5.9Hz), 8.59 (t, 1H, 
CH, J=8.0Hz), 8.15 (t, 2H, CHCHCH, J=7.1Hz), 4.59 (t, 2H, NCH2, J=7.7Hz), 1.90 (p, 2H, NCH2CH2, 
J=7.1Hz), 1.27 (m, 6H, CH2CH2 CH2CH2, J=7.1Hz), 0.85 (t, 3H, CH3, J=6.9Hz). The assignment of 
each absorption is consistent with that cited in previous reports on similar pyridinium salts (153-155) 
and is shown in Figure 2-13. The chemical shifts, splitting pattern and coupling constants obtained 
from the spectra are given in Table 2-10. 
 
Figure 2-13 Assignment of 
1
H NMR chemical shifts for HPyrBr in DMSO-d6 obtained on a 600 
MHz spectrometer at 30°C, with reference to TMS chemical shifts 
 
Table 2-10 Chemical shifts in 
1
H NMR spectrum of HPyrBr in DMSO-d6 at 30°C (600 MHz) 
Chemical shift (ppm) Splitting pattern (J in Hz) Assignment 
9.09 Doublet (5.9) CHNCH 
8.59 Triplet (8.0) CH  
8.15 Triplet (7.1) CHCHCH 
4.59 Triplet (7.7) NCH2 
1.90 Pentet (6.9) NCH2CH2 
1.27 Multiplet (-) CH2CH2 CH2CH2 
0.85 Triplet (6.9) CH3 
 
The spectrum consists of 3 peaks in the aromatic region (8-9 ppm) indicating three different hydrogen 
environments: a doublet at 9.09 ppm due to the protons at a, a triplet due to the b proton and a triplet 
due to the c protons (Figure 2-13). The diamagnetic ring current effect enhances the deshielding of 
the ring protons and causes downfield shifts. In the aliphatic region, methylene groups (d, e and f) 
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and the methyl group (g) can be assigned to the chemical shifts at 4.59, 1.90, 1.27 and 0.85 ppm, 
respectively. The value of all of the chemical shifts, splitting patterns, coupling constants and integral 
values are indicative of the expected HPyrBr structure, with the number of protons and their relative 
positions in agreement.  
 
The chemical shifts at 3.29 and 2.49 ppm are due to the HOD and DMSO peaks, respectively. The 
HOD peak is due the residual water signal that has become partially deuterated by the deuterium in 
the solvent. The DMSO peak is due to the signal of the residual 
1
H in the deuterium-enriched solvent.  
 
The most likely impurity for HPyrBr is pyridine which is difficult to remove under vacuum due to its 
high boiling point and affinity towards the IL, and is usually not quantitatively removed. The presence 
of pyridine however cannot be observed in the spectrum at its expected chemical shifts (8.58 and 
7.39 in DMSO-d6) (156), indicating that it is present in quantity below the detection limit of NMR. Note 
that the small peak at 2.07 ppm is due to the residual acetone used in washing the NMR tube. 
Acetone is a common impurity in NMR as it adsorbs strongly to the surface of the NMR tubes. It 
should be noted however that no acetone is used in the preparation of ILs. 
 
Occasionally, the small peaks at the sides of the main NMR peaks can be observed and this is 
attributed to the 
13
C satellites where 
13
C is coupled to the proton (
13
C-
1
H) with JCH value in the range 
of 135-155 Hz, and spinning sidebands which are spaced approximately 40 Hz, uniformly from the 
main HNMR peaks. These peaks should not be confused with the impurity peaks. 
 
No other chemical shifts were observed in all HPyrBr samples. Thus, on the basis of 
1
H NMR the ILs 
appeared pure and free of reaction solvents, starting materials and decomposition products. 
Nevertheless, the technique of 
1
H NMR can only confirm the identity of the cation. Halide 
determination is required for the anion characterisation. 
 
To determine the solvent effects on the chemical shifts of HPyrBr, different deuterated solvents were 
used and the chemical shifts obtained in these solvents are given in Table 2-11. The solvent effects 
on the chemical shifts appear to be minor. The chemical shifts of the ring protons are moved slightly 
upfield as the solvent is changed from DMSO-d6 to MeOD-d4. The more downfield shifts of the ring 
protons may indicate the stronger hydrogen bonding with sulfoxide oxygen in DMSO-d6. For D2O the 
ring protons at position b and c are moved slightly downfield. The protons on the aliphatic chain are 
moved downfield in both MeOD-d4 and D2O-d2 cases, indicating stronger shielding effect on the 
methylene protons in these solvents. All of the splitting patterns and coupling constants of the relevant 
protons are similar regardless of the solvent choice. 
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 Table 2-11 Solvent effects on 
1
H NMR chemical shifts of HPyrBr obtained at 30°C (600 MHz) 
Solvent 
Chemical shift (ppm) 
CHNCH 
(ring) 
CH 
(ring) 
CHCHCH 
(ring) 
NCH2 
(aliphatic) 
CH2 
(aliphatic) 
CH2x3 
(aliphatic) 
CH3 
(aliphatic) 
DMSO-d6 9.09 8.59 8.15 4.59 1.90 1.27 0.85 
MeOD-d4 9.00 8.59 8.11 4.63 2.01 1.37 0.91 
D2O-d2 8.95 8.63 8.16 4.69 2.06 1.33 0.86 
 
Because all of the HPyrBr samples obtained from the different synthesis methods showed similar 
chemical shifts and splitting patterns, integrals and coupling constants, all of which are characteristic 
of the types of protons present in the compound, it is confirmed that the conditions used in the 
microwave-assisted synthesis yielded HPyrBr with similar specifications to those of the conventional 
method. For comparison purposes, an NMR spectrum of HPyrBr obtained from the purchased 
commercial sample, IoLiTec with specified purity (NMR assay >98%), was also obtained for reference 
and shown to be comparable with the spectra of the materials prepared in this work. 
 
2.4.1.6 Elemental analysis 
 
The elemental analysis for C, H N and Br in dried samples of HPyrBr is as follows (with calculated 
values in parentheses): C, 53.36 (54.11); H, 7.54 (7.43); N, 5.36 (5.73); Br, 32.22 (32.73). Due to the 
hygroscopic nature of the ILs, it is important to ensure that the sample was sufficiently dried before 
the analysis.  
 
2.4.1.7 Thin layer chromatography 
 
Thin layer chromatography of HPyrBr yielded an Rf value of 0.52 (solvent system: 1:1.5 of methanol to 
chloroform). 
 
2.4.2 Characterisation of the prepared PMIMBr, BMIMBr, 
HMIMBr and BMIMCl 
 
2.4.2.1 PMIMBr 
 
PMIMBr was prepared by alkylation of 1-methylimidazole with 1-bromopropane in a conventional 
reflux set-up and in the microwave reactors. After washing and drying the products under vacuum, the 
PMIMBr samples obtained at room temperature consisted of pale yellow crystals that melted at about 
39°C (Figure 2-4).   
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All of the PMIMBr samples prepared in the closed-vessel microwave reactor were obtained in high 
yield (90-98%), after 60mins irradiation. Figure 2-14 illustrates the yields of PMIMBr and of other ILs 
as a function of temperature. In the conventional synthesis, a yield of 98% was obtained when the 
reagents were refluxed at 40°C for 24 hr. A lower yield of 74% was obtained for PMIMBr synthesis 
was obtained using the open-vessel microwave reactor, due to evaporative loss of volatile reagent, 1-
bromopropane during the irradiation.  
 
 
Figure 2-14 Monitoring of IL formation in the closed vessel microwave reactor over a range of 
temperatures (40-80°C) with reaction time of 60 min (125 mmol of 1-methylimidazole or 
pyridine and 163 mmol of alkylhalide) 
 
2.4.2.1.1 Thermal analysis 
 
The TG-DSC profile of PMIMBr is similar to those of other ILs prepared in this work with the first 
endotherm (39°C) being the melting point of crystalline PMIMBr. A gradual weight loss of about 1.5-
2.5% is observed below 230°C, followed by a major weight loss between 230 and 340°C. The 
decomposition of PMIMBr is endothermic as shown by a broad endotherm accompanying the higher 
temperature weight loss in the TG curve. 
 
Onset decomposition temperatures of PMIMBr are between 277and 282°C, and Table 2-12 shows the 
decomposition temperatures of different PMIMBr samples with varying water contents. The T5% 
(above 200
o
C) of PMIMBr samples synthesised conventionally and in the closed-vessel microwave 
reactor are in the range of 259-261°C.  
 
2.4.2.1.2 FTIR spectroscopy 
 
All of PMIMBr samples yield similar FTIR spectra. A typical spectrum is shown in Figure 2-15 as an 
example, along with those of the other 1-alkyl-3-methylimidazolium ILs prepared in this work. The 
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spectra of PMIMBr, BMIMBr, HMIMBr, and BMIMCl are similar because they contain the same 
functional groups. The assignments of the absorption bands of these ILs are in Table 2-13.  
 
Table 2-12 Thermal analysis of PMIMBr samples obtained from different synthesis methods  
Entry Synthesis method T onset (°C)
 a
 
DSC 
minimum 
(°C) 
T5% 
b
 
 
Water 
content 
(ppm) 
1 Reflux at 40°C, N2 atmosphere 277 320 261 3294 
2 Anton Paar microwave at 50°C 281 324 262 1290 
3 Anton Paar microwave at 60°C 277 320 259 3047 
4 Anton Paar microwave at 70°C 277 324 260 1986 
5 Anton Paar microwave at 80°C 277 324 259 3517 
6 Open-vessel microwave 282 322 260 5234 
a T onset = Onset decomposition temperature, determined by TGA curve using a step-tangent method. 
b T5% = Temperature at which 5% mass loss occurs after 200°C to allow for any loss of water. 
 
In general, all of the expected vibrations, characteristic of the functional groups, both aromatic and 
aliphatic, present in PMIMBr, are observed. The vibration band for C-H···X hydrogen bonding is also 
present at 3059 cm
-1
 which represents the interaction between the anion with the ring protons, and 
has been found to correlate with the choice of anion (146, 147, 157). The inductive effect of alkyl 
chain also shifts the absorption bands to lower frequencies when compared to unsubstituted 
imidazole (146). The presence of moisture in some PMIMBr samples can be observed by the 
presence of absorption bands at 3400-3500 cm
-1
 and 1630 cm
-1
. This arises from the absorption of 
moisture from the atmosphere. 
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Figure 2-15 Comparison of FTIR spectra of PMIMBr, BMIMBr, HMIMBr and BMIMCl obtained in 
neat form using NaCl discs in 100 scans with a resolution of 8 cm
-1
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2.4.2.1.3 Mass spectrometry 
 
The positive-ion mode ESI mass spectrum of PMIMBr shows a base peak at m/z 125 which 
corresponds to the parent cation. The peak at m/z 83 is due to the loss of a propyl group from the 
cation. Clustering of ions in the homologous series of [Cationn+1Anionn]
+ 
, where n=1-4, is observed at 
m/z 331, 535, 741, and 945 with the expected bromine isotopic pattern intact. For example, for the 
cluster [Cation3Anion2]
+
, a triplet of peaks 2 amu apart is observed, along with a smaller 
13
C satellite 
peak adjacent to each main peak. The specific cluster structures with observed m/z are also in a good 
agreement with the calculated peak distribution given in Table 2-14.   
 
In the negative-ion mode, the ESI-MS spectra of PMIMBr shows a base peak at m/z 79 and 81 which 
correspond to the parent anion with two isotopic species (
79
Br, 
81
Br). Evidence of clustering between 
ions is found in the homologous series of [CationnAnion(n+1)]
-
 where n=1-4, with peaks observed at m/z 
283, 487, 691, 895. Table 2-15 shows the clusters observed in the negative-ion mode. The full scan 
ESI mass spectrum of PMIMBr is in Appendix C. 
 
Table 2-13 Assignment of FTIR absorption bands for PMIMBr, BMIMBr, HMIMBr and BMIMCl 
Assignment 
Wavenumber (cm
-1
) 
PMIMBr BMIMBr HMIMBr BMIMCl 
OH stretching (moisture) 3420 - 3407 - 
Aromatic C-H stretching 3138 3126 3138 3153 
Aromatic C-H stretching (CH···X)
a
 3059 3082 3060 3091 
Aliphatic C-H stretching 2964 2962 2955 
2969 
2951 
Aliphatic CH3 stretching (sym.) - 2932 2929 2936 
Aliphatic CH2 (sym ) 2876 
2868 
2839 
2858 
2873 
2850 
OH bending (moisture) 1632 - 1632 - 
Ring C=C stretching (sym.) 1568 1569 1568 1560 
C-CH2 bending (asym.) 1457 1456 1458 1466 
C-CH3 bending (asym.) 1386 1364 1379 1389 
Ring stretching (sym.) or 
 Ring C-N stretching  
1336 1334 1337 1337 
1169 1164 1167 1163 
Ring C-H bending in-plane (asym.) 1089 1083 1089 1085 
C-H bending in-plane  831 809-892 834 899-791 
Ring C-H bending out-of-plane (asym.) 753 755 762 746 
C-CH2 bending - 725 730 729 
Ring C-H bending out-of-plane (asym.) 649 655 652 663 
a
 From references: (146, 147, 157) 
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Table 2-14 Positive-ion mode ESI mass spectrum of PMIMBr (in methanol) at 10 V cone voltage  
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Cation]
+
 [C7H13N2]
+
 125.2, 126.2, 127.2 125, 126, 127 
[Cation-propyl group]
+
 [C4H7N2]
+
 83.3, 84.3 83, 84, 85 
[2Cation+Anion]
+
 [C14H26N4Br]
+
 
329.4, 330.4, 331.4, 332.3, 
333.3 
329, 330, 331, 332, 333, 334 
[3Cation+2Anion]
+
 [C21H39N6Br2]
+
 
533.3, 534.3, 535.3, 535.3, 
537.3, 538.3 
533, 534, 535, 536, 537, 538, 
539, 540 
[4Cation+3Anion]
+
 [C28H52N8Br3]
+
 
737.3, 738.3, 739.4, 740.4, 
741.3, 742.3, 743.4 
737, 738, 739, 740, 741, 742, 
743, 744, 745, 746, 747 
[5Cation+4Anion]
+
 [C35H65N10Br4]
+
 
941.3, 942.3, 943.3, 944.3, 
945.3, 946.2, 947.4, 948, 
949.3, 950.3, 951.3  
941, 942, 943, 944, 945, 946, 
947, 948, 949, 950, 951, 952 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
 
Table 2-15 Negative-ion mode ESI mass spectrum of PMIMBr (in methanol) at 20 V cone 
voltage   
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Anion]
-
 [Br]
-
 79.1, 81.1 79, 81 
[2Anion+Cation]
-
 [C7H13N2Br2]
-
 
283.1, 284.1, 285.1, 286.1 
287.1, 288.1  
283, 284, 285, 286, 287, 288,  
289 
[3Anion+2Cation]
-
 [C14H26N4Br3]
-
 
487.2, 488.2, 489.2, 490.2, 
491.2, 492.2, 493.2, 494.2  
487, 488, 489, 490, 491, 492, 
493, 494, 495 
[4Anion+3Cation]
-
 [C21H39N6Br4]
-
 
691.2, 692.2, 693.2, 694.2, 
695.2, 696.2, 697.2, 698.2, 
699.2 
691, 692, 693, 694, 695, 696, 
697, 698, 699, 700, 701 
[5Anion+4Cation]
-
 [C28H52N8Br5]
-
 
895.3, 896.3, 897.3, 898.3, 
899.2, 900.2, 901.4, 902.2, 
903.2, 904.2, 905.2 
895, 896, 897, 898, 899, 900, 
901, 902, 903, 904, 905, 906, 
907 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
 
2.4.2.1.4 
1
H NMR spectroscopy 
 
All of the PMIMBr samples show similar chemical shifts and splitting patterns in the 
1
H NMR spectra 
with the following data: 
1
H NMR (600 MHz, DMSO-d6, TMS): δ = 9.17 (s, 1H, NCHN), 7.78 (t, 1H, 
NCH(4), J=1.8Hz), 7.72 (t, 1H, NCH(5), J=1.7Hz), 4.13 (t, 2H, NCH2, J=7.1Hz), 3.85 (s, 3H, NCH3), 
1.80 (sextet, 2H, CH2CH2CH3, J=7.1Hz), 0.84 (t, 3H, CH2CH2CH3, J=7.3Hz). A typical 
1
H NMR 
spectrum of PMIMBr with the assignment of each chemical shift is shown in Figure 2-16. The 
chemical shifts, splitting patterns and coupling constants obtained from the spectra are given in Table 
2-16. 
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Figure 2-16 Assignment of 
1
H NMR chemical shifts for PMIMBr in DMSO-d6 obtained on a 600 
MHz spectrometer at 30°C, with reference to TMS chemical shifts.  
 
Table 2-16 Chemical shifts in 
1
H NMR spectrum of PMIMBr in DMSO-d6 at 30°C, 600 MHz 
Chemical shift (ppm) Splitting pattern ( J, Hz) Assignment 
9.17 Singlet (-) NCHN 
7.78 Triplet (1.8) NCH(4) 
7.72 Triplet (1.7) NCH(5) 
4.13 Triplet (7.1) NCH2 
3.85 Singlet (-) NCH3 
1.80 Sextet (7.1) CH2CH2 CH3 
0.84 Triplet (7.3) CH3 
 
Overall, the ring protons of the imidazolium cation experience a deshielding effect upon quaternization 
and show signals at low field. The broad singlet at 9.17 ppm is indicative of the H(2) proton (a) with 
partial deuteration which occurs readily at room temperature. The acidic character of H(2) proton has 
been previously noted to cause shift at low field (158, 159). The dependence of H(2) chemical shift on 
anion were also previously reported (76, 147, 160) and is attributed to the presence of hydrogen 
bonding as the main cation-anion interaction in ILs (146, 147). The two triplets at 7.78 and 7.72 ppm 
that are integrated to one proton each are due to the H(4) and H(5) protons (b and c), respectively. 
These two ring protons are not magnetically equivalent, due to asymmetrical substitutions at N atoms, 
and are coupled to one another and to H(2) proton to give triplet signals.   
 
The methyl groups on PMIMBr show signals as a singlet at 3.85ppm and a triplet at 0.84 ppm for N-
CH3 and the terminal CH3, respectively. The two methylene groups on the propyl chain show a triplet 
and a sextet at 4.13 and 1.80 ppm. No traces of 1-methylimidazole starting material, which would 
have chemical shifts at 7.54 (s), 7.08 (t), 6.86 (t) and 3.63 (s) ppm. The 
1
HNMR of 1-methylimidazole 
is provided in Appendix C.  
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There is no evidence for the presence of decomposition products, (such as N-alkylimidazoles and 1-
alkylhalides derived from an  S2N process (161)) in the 
1
H NMR spectra of PMIMBr samples prepared 
from both microwave methods and all the spectra of samples prepared by these methods are 
comparable to that of the sample obtained conventionally.  
 
2.4.2.1.5 Elemental analysis 
 
The elemental analysis for C, H N and Br in dried samples of PMIMBr is as follows (with calculated 
values in parentheses): C, 39.75 (40.99); H, 6.60 (6.39); N, 13.32 (13.66); Br, 38.96 (38.72). 
 
2.4.2.1.6 Thin layer chromatography 
 
Thin layer chromatography of PMIMBr yielded an Rf value 0.53 (solvent system: 1:1 methanol to 
petroleum ether). 
 
2.4.2.2 BMIMBr 
 
BMIMBr was prepared by alkylation of 1-methylimidazole with 1-bromobutane in a conventional reflux 
set-up and in both open and closed microwave reactors, forming colourless/pale yellow crystals (m.p. 
80-81°C) (Figure 2-4). High yields (80-95%) were obtained in the closed vessel microwave reactor 
after 60 mins irradiation with yields increasing as the temperatures increased (Figure 2-14). This 
compares with a yield of 95% obtained using the conventional synthesis method, when the reagents 
were refluxed at 40°C for 24 hr. A yield of 86% was obtained following reaction of the starting 
materials in the open-vessel microwave reactor for 25 sec. 
 
2.4.2.2.1 Thermal analysis 
 
In the thermal analysis of BMIMBr the first endotherm (80-81°C) indicates the melting point of 
crystalline BMIMBr. A gradual weight loss of 3-6% was observed below 235°C, followed by a major 
endothermic weight loss between 235 and 330°C. Onset decomposition temperatures of BMIMBr are 
between 276 and 278°C. Table 2-17 shows decomposition temperatures of BMIMBr samples 
obtained from different synthesis methods along with those of a reference sample of BMIMBr 
obtained from Sigma Aldrich (Entry 4).  
 
Thermal stability of PMIMBr is marginally higher than BMIMBr suggesting that the impact of 
lengthening the alkyl chain is minimal. 
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Table 2-17 Thermal analysis of BMIMBr samples obtained from different synthesis methods  
Entry Synthesis method T onset (°C)
 a
 
DSC 
minimum 
(°C) 
T5% 
b
 
 
Water 
content 
(ppm) 
1 Reflux at 40°C, N2 atmosphere 277 320 257 1077 
2 Anton Paar microwave at 50°C 276 324 257 1775 
3 Open  microwave reactor 278 319 263 3415 
4 Sigma Aldrich 277 312 253 1962 
a
 T onset = Onset decomposition temperature, determined by TGA curve using a step-tangent method. 
b
 T5% = Temperature at which 5% mass loss occurs after 200°C to allow for any loss of water. 
 
2.4.2.2.2 FTIR spectroscopy 
 
Assignments of FTIR absorption bands for BMIMBr (Figure 2-15) are in Table 2-13  along with those 
for PMIMBr, HMIMBr and BMIMCl and show the presence of all the relevant functional groups. The 
position of the CH···X band is at 3082 cm
-1
 in contrast to the absorption at 3090 cm
-1
 for BMIMCl. This 
is due to the different interaction strength between anion and the C-H stretch on the cation. Weaker 
interaction imposed by Br
-
 anion is attributed to the lower charge/volume ratio than Cl
- 
anion (157) and 
thus lower frequencies.  
 
2.4.2.2.3 Mass spectrometry 
 
The positive-ion mode ESI mass spectrum of BMIMBr shows a base peak at m/z 139 which 
corresponds to the parent cation ([C8H15N2]
+
). The fragment observed at m/z 83 is due to the loss of 
the butyl group from the cation. Clustering of ions, [Cation2Anion1]
+ 
is observed at the peak m/z 357 
with expected bromine isotopic pattern intact. No larger clusters (n>1) are identified from the spectra 
although the minimum cone voltage (10 V) was applied. 
 
In the negative-ion mode, the ESI mass spectra showed a base peak at m/z 79 and 81 which 
corresponds to the parent anion with two isotopic species (
79
Br, 
81
Br).  Clustering in the negative-ion 
mode is more prevalent and occurs between cation and anion in the homologous series of 
[CationnAnion(n+1)]
-
 with peaks observed at m/z 297, 519, 737 and 951 for n = 1-4, respectively. Tables 
summarising peak assignments for BMIMBr in both positive and negative scan modes are provided 
along with the full scan ESI mass spectrum in Appendix C. 
 
2.4.2.2.4 
1
H NMR spectroscopy 
 
The 
1
H NMR spectra of BMIMBr are similar to those of PMIMBr with an additional pentet at 1.75 ppm, 
corresponding to an extra methylene group on the butyl chain. The following chemical shifts are 
indicative of the structure of BMIMBr with splitting patterns, coupling constants and integrals in 
agreement with the expected values: 
1
H NMR (600 MHz, DMSO-d6, TMS): δ = 9.17 (s, 1H, NCHN), 
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7.78 (t, 1H, NCH(4), J=1.8Hz), 7.71 (t, 1H, NCH(5), J=1.7Hz), 4.16 (t, 2H, NCH2, J=7.2Hz), 3.84 (s, 
3H, NCH3), 1.75 (sextet, 2H, CH2CH2CH2CH3, J=7.5Hz), 1.25 (septet, 2H, CH2CH2CH2CH3, J=7.5Hz) 
0.89 (t, 3H, CH2CH2CH2CH3, J=7.4Hz). Assignment of chemicals shifts is summarised in Table 2-18 
and a typical 
1
H NMR spectrum of BMIMBr is provided in Appendix C. All BMIMBr samples show 
similar 
1
H NMR spectra and none show traces of starting materials or decomposition products.  
 
In terms of the solvent effect, it should be noted that the exchange of H(2) proton occurs readily in 
MeOD-d4, indicated by the disappearance of the H(2) proton chemical shift (to less than 1 mol% of the 
actual peak integral). No such occurrence is observed in DMSO-d6 and to a lesser extent in D2O (c.a. 
2 mol%). Other solvent effects include the shifts of aromatic protons upfield (to lower chemical shifts) 
and aliphatic protons downfield when 
1
H NMR spectra were obtained in MeOD-d4 or D2O instead of 
DMSO-d6 (Table 2-18).  
  
Table 2-18 Chemical shifts in 
1
H NMR of BMIMBr in DMSO-d6 at 30°C, 600 MHz 
Chemical shift 
in DMSO-d6 
(ppm) 
Chemical shift 
in D2O 
(ppm) 
Chemical shift 
in MeOD-d4 
(ppm) 
Splitting pattern 
( J, Hz) 
a
 
Assignment 
9.17 8.76 8.96 
b
 Singlet (-) NCHN 
7.78 7.52 7.64 Triplet (1.8) NCH(4) 
7.71 7.47 7.57 Triplet (1.7) NCH(5) 
4.16 4.22 4.23 Triplet (7.2) NCH2 
3.84 3.92 3.93 Singlet (-) NCH3 
1.75 1.87 1.87 Pentet(7.5) CH2 CH2CH2CH3 
1.25 1.33 1.38 Sextet (7.5) CH2 CH2CH2CH3 
0.89 0.92 0.98 Triplet (7.4) CH3 
a
 measured from the spectrum of BMIMBr in DMSO-d6 
b
 The proton is exchanged and shows a broad peak with weak intensity (<1 mol%). 
 
2.4.2.2.5 Elemental analysis 
 
The elemental analysis for C, H N and Br in dried samples of BMIMBr is as follows (with calculated 
values in parentheses): C, 43.48 (43.85); H, 6.89 (6.90); N, 12.67 (12.78); Br, 35.85 (36.46). 
 
2.4.2.2.6 Thin layer chromatography 
 
Thin layer chromatography of BMIMBr yielded an Rf of 0.59 (solvent system: 1:1 of methanol to 
petroleum ether). 
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2.4.2.3 HMIMBr 
 
HMIMBr was prepared by alkylation of 1-methylimidazole with 1-bromohexane in a conventional reflux 
set-up and in the microwave reactors. Pale yellow viscous liquid was obtained without any observed 
crystallisation (Figure 2-4). Formation of HMIMBr in the closed-vessel microwave reactor follows other 
similar 1-alkyl-3-methylimidazolium bromide ILs where yield was increased (59-85%) by higher 
irradiation temperatures from 40°C to 80°C over the 60 mins irradiation (Figure 2-14). A yield of 92% 
was obtained in the open vessel microwave reactor with 70 sec irradiation. In conventional synthesis 
method, HMIMBr was obtained in high yield (90%) at 40°C for 24 hr and the yield of HMIMBr 
increased to 95.96% when the reaction temperature was 60°C. It is apparent from Figure 2-14 that 
formation of HMIMBr is less reactive than PMIMBr and BMIMBr, which can be attributed to the steric 
hindrance effect as alkyl chain is longer. 
 
2.4.2.3.1 Thermal analysis 
 
The TG-DSC profile of HMIMBr is similar to those of other ILs prepared in this work but without a 
melting endoderm as HMIMBr is a liquid at room temperature. A gradual weight loss of about 2.5-3% 
were observed below 230°C, followed by an endothermic major weight loss between 230 and 350°C 
(Table 2-19). Onset decomposition temperatures of HMIMBr are between 269-277°C. The T5% values 
of HMIMBr samples are in the range of 249-261°C. 
  
Table 2-19 Thermal analysis of HMIMBr samples obtained from different synthesis methods  
Entry Synthesis method T onset (°C)
 a
 
DSC 
minimum 
(°C) 
T5% 
b
 
 
Water 
content 
1 Reflux at 40°C, N2 atmosphere 272 316 250 2493 
2 Anton Paar microwave at 40°C 277 316 261 5874 
3 Open vessel microwave 276 316 258 3675 
4 Iolitec 269 308 249 3659 
a
 T onset = Onset decomposition temperature, determined by TGA curve using a step-tangent method. 
b
 T5% = Temperature at which 5% mass loss occurs after 200°C to allow for any loss of water. 
 
2.4.2.3.2 FTIR spectroscopy 
 
The FTIR spectra of HMIMBr (Figure 2-15) show the absorption bands corresponding to the expected 
functional groups in which the assignments are provided in Table 2-13.  
 
2.4.2.3.3 Mass spectrometry 
 
The positive-ion ESI mass spectrum of HMIMBr shows a base peak at m/z 167 which corresponds to 
the parent cation. The fragment observed at m/z 83 is due to the loss of the hexyl group from the 
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cation. Clustering of ions, [Cation2Anion1]
+ 
is observed at the peak m/z 413. Larger clusters (n=2-3) 
are observed when the cone voltage is 20V. All of the clusters observed exhibit isotope patterns that 
are expected of bromine isotopes, with number of bromine present intact. 
 
The negative-ion ESI mass spectrum of HMIMBr shows a base peak at 79 and 81 which correspond 
to the parent anion with two isotopic species (
79
Br, 
81
Br). Clustering in the negative-ion mode is more 
prevalent and occurs between cation and anions in the homologous series of [CationnAnion(n+1)]
-
 with 
peaks observed at m/z 315, 571 and 815 for n = 1-3, respectively. No multiply charged cluster ions 
were observed in both positive and negative (e.g. [Cationn+2Anionn]
2+
). Tables summarising peak 
assignments for HMIMBr in both positive and negative scan modes are provided along with the full 
scan ESI mass spectrum in Appendix C. 
 
2.4.2.3.4 
1
H NMR spectroscopy 
 
All of the HMIMBr samples show similar chemical shifts and splitting patterns in the 
1
H NMR spectra. 
The 
1
H NMR spectra of HMIMBr are similar to those of PMIMBr and BMIMBr, with an additional 
multiplet at 1.14-1.30 ppm, corresponding to the extra three methylene groups:
 1
H NMR (600 MHz, 
DMSO-d6, TMS): δ = 9.12 (s, 1H, NCHN), 7.77 (t, 1H, NCH(4), J=1.8Hz), 7.70 (t, 1H, NCH(5), 
J=1.7Hz), 4.14 (t, 2H, NCH2, J=7.3Hz), 3.84 (s, 3H, NCH3), 1.76 (sextet, 2H, CH2CH2CH2CH2CH3, 
J=7.6Hz), 1.30-1.14 (multiplet, 2H, CH2CH2CH2CH2CH3) 0.85 (t, 3H, CH3, J=7.1Hz). The chemical 
shifts are indicative of the structure of HMIMBr with splitting patterns, coupling constants and integrals 
in agreement with the expected values. All HMIMBr samples show similar 
1
H NMR spectra and none 
show traces of starting materials or decomposition products. A typical 
1
H NMR spectrum of HMIMBr 
with assignment of each chemical shift is provided in Appendix C and the chemical shifts, splitting 
pattern and coupling constants obtained from the spectra are given in Table 2-20. 
 
The H(2) proton is not readily exchanged in MeOD-d4 or D2O, when compared with BMIMBr and 
PMIMBr which is attributed to the effect of longer alkyl chain. Similar occurrence is observed when 
switching the solvent from DMSO-d6 to MeOD-d4 or D2O, where aromatic protons are shifted upfield 
and aliphatic protons downfield. 
 
2.4.2.3.5 Elemental analysis 
 
The elemental analysis for C, H N and Br in dried samples of HMIMBr is as follows (with calculated 
values in parentheses): C, 47.64 (48.59); H, 7.76 (7.75); N, 11.18 (11.33); Br, 31.67 (32.32). 
 
CHAPTER 2         Pajaree Kewcharoenwong 
 
96 
Table 2-20 Chemical shifts in 
1
H NMR of HMIMBr in DMSO-d6 at 30°C, 600 MHz 
Chemical shift 
in DMSO-d6 
(ppm) 
Chemical shift 
in D2O 
(ppm) 
Chemical 
shift 
in MeOD-d4 
(ppm) 
Splitting pattern 
( J, Hz) 
a
 
Assignment 
9.12 8.75 9.08 Singlet (-) NCHN 
7.77 7.52 7.71 Triplet (1.8) NCH(4) 
7.70 7.46 7.63 Triplet (1.7) NCH(5) 
4.14 4.22 4.26 Triplet (7.3) NCH2 
3.84 3.91 3.97 Singlet (-) NCH3 
1.76 1.89 1.91 Sextet (7.6) CH2CH2CH2CH2CH3 
1.30-1.14 1.25-1.38 1.22-1.51 Multiplet (-) CH2CH2CH2CH2CH3 
0.85 0.87 0.90 Triplet (7.1) CH3 
a
 measured from the spectrum of HMIMBr in DMSO-d6 
 
2.4.2.3.6 Thin layer chromatography 
 
Thin layer chromatography of HMIMBr yielded an Rf value of 0.60 (solvent system: 1:1 of methanol to 
petroleum ether). 
 
2.4.2.4 BMIMCl 
 
BMIMCl was prepared by alkylation of 1-methylimidazole with 1-chlorobutane in a conventional reflux 
set-up at the temperature range 40-80°C for 24 hr. A satisfactory yield was only obtained at 80°C 
(Table 2-21) a much higher temperature than that required for high yields of the bromide. 
 
Table 2-21 Formation of BMIMCl via conventional route
 a
 
Entry Temperature (°C) Time Yield (%) 
1 40 24hr 21 
2 60 24hr 21 
3 80 24hr 100 
a
 Starting materials: 1-methylimidazole (10.26 g, 125 mmol) and 1-chlorobutane (15.09 g, 163 mmol), 
synthesised by refluxing in dry N2 for 24 hr. 
 
For closed vessel microwave-assisted synthesis the reaction time and temperature required for the 
formation of BMIMCl is also greater than that required for the preparation of BMIMBr. Irradiation of the 
chloride starting materials at 80°C for 120 min gave a yield of only 20%. A reaction temperature of 
140°C led to a yield of over 70% with no additional formation of degradation products (
1
H NMR). The 
product from this reaction was washed with ethyl acetate and dried under vacuum to give a pale 
yellow viscous liquid that forms crystals when left standing at room temperature. The use of even 
higher temperatures or longer irradiation times in the preparation resulted in a deeply coloured 
product.  
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The increased time and temperature required for the formation of chloride salts is explained by the 
traditional nucleophilic reactivity series of alkyl halides (I
-
>Br
-
>Cl
-
) where bond strength of carbon-
chlorine is stronger than carbon-bromide. Because of the smaller size of chloride anion (less 
nucleophilic), it is more difficult to lose the valence electron from 1-chlorobutane making it a less 
reactive molecule. As a result, a higher activation energy is required to break the C-Cl bond and to 
activate the alkylation of 1-methylimidazole with alkyl chloride. 
 
Table 2-22 Formation of BMIMCl via microwave route
 a
 
Entry Temperature (°C) Time (min) Yield (%) 
1 50 60 - 
2 60 60 - 
3 70 60 2 
4 70 120 9 
5 80 60 8 
6 80 120 21 
7 140 7 73 
a
 Starting materials: 1-methylimidazole (10.26 g, 125 mmol) and 1-chlorobutane (15.09 g, 163 mmol), 
synthesised in the closed vessel microwave reactor. 
 
2.4.2.4.1 Thermal analysis 
 
The thermal analysis of BMIMCl crystals shows an initial melting point endortherm at 68-69°C. A 
gradual weight loss of about 3-5% is observed below 210°C before a major weight loss occurs 
between 210 and 300°C. The decomposition of BMIMCl is endothermic. The onset decomposition 
temperatures of BMIMCl samples range from 254 to 262°C (Table 2-23) compared to the published 
values: 254°C  in a sample with water content of 2200 ppm (162), and 264°C for a sample dried in-
situ at 130°C for 30min (163).  The T5%  after 200°C of BMIMCl is in the range of 240-245°C.  
 
Table 2-23 Thermal analysis of BMIMCl samples obtained from different synthesis methods  
Entry Synthesis method T onset (°C)
 a
 
DSC 
minimum 
(°C) 
T5% 
b
 
 
Water 
content 
1 Reflux at 80°C, N2 atmosphere 258 285 244 2745 
2 Anton Paar microwave at 140°C 262 285 245 2866 
3 Sigma Aldrich 254 288 240 1775 
a
 T onset = Onset decomposition temperature, determined by TGA curve using a step-tangent method. 
b
 T5% = Temperature at which 5% mass loss occurs after 200°C to allow for any loss of water. 
 
Comparing these decomposition temperatures to BMIMBr provides information on the effect of anion.  
BMIMBr is more thermally stable than BMIMCl (from Tonset and T5%) and the reduced thermal stability 
of BMIMCl correlates with the order of anion nucleophilicity (Cl
-
>Br
-
). This is because an SN2 
mechanism (Figure 2-17) takes place during pyrolysis of imidazolium salts (143, 161). 
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Figure 2-17 SN2 reaction of quaternary imidazolium salts (143) 
 
2.4.2.4.2 FTIR spectroscopy 
 
The FTIR spectra of BMIMCl are shown in Figure 2-15 and the band assignments provided in Table 
2-13. As has been previously discussed under the BMIMBr section, the position of CH
...
X band 
reflects the strength of interaction between anion and the C-H stretch on the imidazolium ring. The 
higher frequency of the CH
...
X absorption band for BMIMCl is a result of stronger interaction between 
the ring protons and the chloride anion.  
 
2.4.2.4.3 Mass spectrometry 
 
The positive-ion ESI mass spectrum of BMIMCl shows a base peak at m/z 139 which corresponds to 
the parent cation. The fragment observed at m/z 83 is due to the loss of the butyl group from the 
cation and is found to increase in abundance as the cone voltage is increased to 50V (Figure 2-18). 
Other fragmented ions are also observed in the 50 V scan where the peak at m/z 56 is attributed to 
the ion, [C4H8]
+
. The [Cation2+Anion]
+
 cluster ion is observed at m/z 313 in spectra with cone voltage 
of 10 V (Table 2-24). Full scan of ESI mass spectra are provided in Appendix C. 
 
 
Figure 2-18 The positive-ion mode ESI mass spectrum of BMIMCl in methanol: 10V (top) and 50 
V (bottom) cone voltage 
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Table 2-24 Positive-ion mode ESI mass spectrum of BMIMCl in methanol at 10 V cone voltage  
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Cation]
+
 [C8H15N2]
+
 139.2, 140.2, 141.2 139, 140, 141 
[Cation-butyl group]
+
 [C4H7N2]
+
 83.3, 84.3 83, 84, 85 
[2Cation+Anion]
+
 [C16H30N4Cl]
+
 
313.4, 314.4, 315.4, 316.4, 
317.4 
313, 314, 315, 316, 317 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
 
In the negative-ion mode, it was found that 10V cone voltage was sufficient to generate adequate 
fragmentation and clustering of the ions. Higher cone voltage (50 V) leads to excessive fragmentation 
especially in the low m/z region, making assignment and interpretation of the spectra complex (Figure 
2-19). The peaks at m/z 35.4 and 37.4 in an abundance ratio of 3:1 correspond to the parent chloride 
anion with two isotopic species (
35
Cl and 
37
Cl). Because of the low molecular weight of chloride anion 
(35-37 amu), the mass error of the detected chlorine is slightly higher than other ILs (0.4-0.6 amu). 
This is because the mass range of chlorine is outside the normal calibration range of the mass 
spectrometer (usually 50-2000 amu). Nevertheless, this error is diminished at higher mass when 
chlorine is incorporated into larger cluster ions. Cluster formation in the negative-ion scan is more 
prevalent and occurs between cation and anions in the homologous series of [CationnAnion(n+1)]
-
 with 
peaks observed at m/z 209, 282, 557, 731 and 905 for n = 1-5, respectively. All of the clusters 
observed exhibit isotopic pattern characteristic of chloride-containing compound with number of 
chloride anions intact (Table 2-25). No multiply charged cluster ions were observed in both positive 
and negative ESI scans of BMIMCl (e.g. [Cationn+2Anionn]
2+
).  
  
 
Figure 2-19 The negative-ion mode ESI mass spectrum of BMIMCl in methanol: 10V (top) and 
50 V (bottom) cone voltage 
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Table 2-25 Negative-ion mode ESI mass spectrum of BMIMCl in methanol at 20 V cone voltage 
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Anion]
-
 [Cl]
-
 35.4, 37.4 35, 37 
[2Anion+Cation]
-
 [C8H15N2Cl2]
-
 
209.2, 210.2, 211.2, 212.2, 
213.1, 214.1 
209, 210, 211, 212, 213, 214 
[3Anion+2Cation]
-
 [C16H30N4Cl3]
-
 
383.4, 384.4, 385.4, 386.4, 
387.4, 387.3, 388.4, 389.4 
383, 384, 385, 386, 387, 388, 
389, 390, 391 
[4Anion+3Cation]
-
 [C24H45N6Cl4]
-
 
557.3, 558.3 559.3, 560.3 
561.3, 562.3, 563.3, 564.3 
557, 558, 559, 560, 561, 562, 
563, 564, 565, 566 
[5Anion+4Cation]
-
 [C32H60N8Cl5]
-
 
731.4, 732.4, 733.4, 734.4, 
735.4, 736.4, 737.4, 738.4, 
739.4 
731, 732, 733, 734, 735, 736, 
737, 738, 739, 740, 741, 742 
[6Anion+ 5Cation]
-
 [C40H75N10Cl6]
-
 
905.6, 906.5, 907.5, 908.5,  
909.5, 910.5, 911.6, 912.5, 
913.5, 914.5, 915.5 
905, 906, 907, 908, 909, 910, 
911, 912, 913, 914, 915, 916, 
917,  
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
 
2.4.2.4.4 
1
H NMR spectroscopy 
 
All BMIMCl samples show similar chemical shifts and splitting patterns in the 
1
H NMR spectra with the 
following data: 
1
H NMR (600 MHz, DMSO-d6, TMS): δ = 9.18 (s, 1H, NCHN), 7.77 (t, 1H, NCH(4), 
J=1.8Hz), 7.70 (t, 1H, NCH(5), J=1.8Hz), 4.15 (t, 2H, NCH2, J=7.4Hz), 3.84 (s, 3H, NCH3), 1.75 
(pentet, 2H, CH2CH2CH3, J=7.7Hz), 1.25 (sextet, 2H, CH2CH2CH3, J=7.6Hz) 0.89 (t, 3H, CH2CH2CH3, 
J=7.5Hz). A typical 
1
H NMR spectrum of BMIMCl with assignment of each chemical shift is shown in 
Appendix C and the chemical shifts, splitting pattern and coupling constants obtained from the spectra 
are given in Table 2-26. 
 
Table 2-26 Chemical shifts in 
1
H NMR of BMIMCl in DMSO-d6 at 30°C (600 MHz), compared to 
the chemical shifts of BMIMBr in DMSO-d6 
Assignment 
BMIMCl BMIMBr 
Chemical shift 
(ppm) 
Splitting pattern  
( J, Hz) 
Chemical shift 
(ppm) 
Splitting pattern  
( J, Hz) 
NCHN 9.55 Singlet (-) 9.17 Singlet (-) 
NCH(4) 7.87 Triplet (1.8) 7.78 Triplet (1.8) 
NCH(5) 7.80 Triplet (1.7) 7.71 Triplet (1.7) 
NCH2 4.19 Triplet (7.3) 4.16 Triplet (7.2) 
NCH3 3.89 Singlet (-) 3.84 Singlet (-) 
CH2CH2CH3 1.75 Pentet (7.2) 1.75 Pentet(7.5) 
CH2CH2 CH3 1.23 Sextet (7.3) 1.25 Sextet (7.5) 
CH3 0.86 Triplet (7.8) 0.89 Triplet (7.4) 
 
The 
1
H NMR spectra of BMIMCl are similar to those of BMIMBr. Slightly more downfield chemical 
shifts of the ring protons, especially at H(2) proton are  observed for BMIMCl (Table 2-6) as expected  
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(146, 160) and is attributed to strength of hydrogen bonding between anion and H(2) proton and other 
ring protons (146, 147, 157, 164). Bonhote et al. also  showe that the increase in basicity of the anion 
(Cl
-
>Br
-
) causes a downfield shift of H(2) proton signal due to higher ability to form hydrogen bonding 
and the dependence of chemical shifts on concentration (76). 
 
2.4.2.4.5 Elemental analysis 
 
The elemental analysis for C, H N and Br in dried samples of HMIMBr is as follows (with calculated 
values in parentheses): C, 53.84 (55.01); H, 8.55 (8.66); N, 15.81 (16.04); Cl, 18.99 (20.30). 
 
2.4.2.4.6 Thin layer chromatography 
 
Thin layer chromatography of BMIMCl yielded an Rf value of 0.57 (solvent system: 1:1.4 of methanol 
of petroleum ether). 
 
2.4.3 Characterisation of the prepared SMIMHSO4 and 
SPyrHSO4 
 
2.4.3.1 Preparation and characterisation of SMIMHSO4 
 
SMIMHSO4 is an ionic liquid with a butyl sulfonic acid group covalently bonded to the IL cation with 
HSO4
- 
anion. The synthesis of SMIMHSO4 was carried out as described  by Cole et al. (165) in two 
steps: the assembly of the zwitterionic precursor followed by an acidification of the zwitterions to form 
the IL. The zwitterions were formed out by reacting a 1:1 mol ratio (125 mmol) of 1-methylimdiazole 
with 1,4-butane sultone. Acid addition was carried out with a stoichiometric quantity of concentrated 
sulphuric acid (98%), added dropwise to the zwitterions to convert the zwitterions containing sulfonate 
group into a Brønsted acidic IL with a butyl sulfonic acid group on the cation and HSO4
- 
as the anion.  
 
SMIMHSO4 is a viscous pale yellow liquid at room temperature (Figure 2-4). Washing the product with  
diethyl ether  removes any traces of unreacted H2SO4, indicating that the acid is fully incorporated into 
the IL structure (165). SMIMHSO4 is obtained in high yields in both conventional (89%) and open-
vessel microwave synthesis methods (90%). Low yields of the zwitterion (7%) from rapid synthesis in 
the closed-vessel microwave reactor, indicating the need for longer reaction time. 
 
The water content of SMIMHSO4 (and SPyrHSO4)  after vigorous drying of the ILs under vacuum (72 
hr at 50°C) was found to be  4578 ppm in the prepared by the conventional route but higher (ca. 
10000 ppm) in the sample obtained by microwave synthesis. Similar water contents  were reported 
(7000-8000 ppm) in SMIMHSO4 and SPyrHSO4 samples that had been vacuum dried at 130°C, with 
no further decrease in water content after extended drying time (166). The water is introduced into the 
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IL at the acidification step as the concentrated acid is added. It is also possible that the acidic 
functional groups on the IL have high affinity toward the water molecules. 
  
2.4.3.1.1 Thermal analysis 
 
The TG-DSC profile of SMIMHSO4 shows no melting endotherm because SMIMHSO4 remains liquid 
at room temperature. An endotherm at 100-150°C corresponds to the loss of water from the IL. 
Decomposition of SMIMHSO4 is endothermic and occurs between 270 and 390°C (Table 2-27). The 
onset decomposition temperature is between 316 and 327°C and agrees well with the reported values 
by Gui et al. (166) and Wu et al.(167). 
 
Table 2-27 Thermal analysis of SMIMSHO4 samples obtained from different synthesis methods  
Entry Synthesis method 
T onset (°C)
 
a
 
DSC 
minimum 
(°C) 
T5% 
b
 
 
Water 
content 
1 Reflux at 40°C, N2 atmosphere 316 356 298 4578 
2 Open vessel microwave reactor 327 365 294 10074 
a
 T onset = Onset decomposition temperature, determined by TGA curve using a step-tangent method. 
b 
T5% = Temperature at which 5% mass loss occurs after 200°C to allow for any loss of water. 
 
2.4.3.1.2 FTIR spectroscopy 
 
A typical FTIR spectrum of SMIMHSO4 is shown in Figure 2-20 and the spectrum of SPyrHSO4 is 
similar. Both arer poorly resolute because of the presence of the broad OH bands indicating the 
presence of hydrogen bonding  in the SO3H and HSO4 groups as well as the broad band of [HSO4]
-
 in 
the region of >3000 cm
-1
 and 2000-2400cm
-1
, respectively. . The assignments of absorption bands are 
given in Table 2-28 The absorption bands of SO3 group appear in the region between 900-1200 cm
-1
 
while the bands for [HSO4]
-
 group appear at lower frequencies in the region between 500-600 cm
-1
. 
The other absorption bands  in  the spectrum  are similar  to those  found in other 1-alkyl-3-
methylimidazolium ILs and are characteristic of an aromatic imidazolium ring with an aliphatic alkyl 
chain although the  The positions of the aromatic C-H stretches do reflect the presence of hydrogen 
bonding in  the sulfate-containing ILs. 
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Figure 2-20 FTIR spectra of SMIMHSO4, obtained in neat liquid using NaCl discs in 100 scans 
with a resolution of 8 cm
-1 
 
Table 2-28 Assignment of FTIR absorption band for SMIMHSO4 and SPyrHSO4 
Assignment 
Wavenumber (cm
-1
) 
SMIMHSO4 SPyrHSO4 
OH stretching (moisture) ~3400 (broad) ~3400 (broad) 
Aromatic C-H stretching or N-H stretching 3153 3136 
Aromatic C-H stretching (CH···X) or N-H stretching 3113 3069 
Aliphatic C-H stretching 2937 2939 
Aliphatic C-H stretching  2877 2874 
HSO4
- 
stretching 
2360-2023 
(broad) 
2379-1979  
(broad) 
Aromatic C-C stretching or OH bending (moisture) - 1635 
Ring C=C stretching (sym.) or Ring C=N  1574 1585 
C-CH2 bend (asym.)or Aliphatic C-H deformation  1458 1468 
C-CH3 bending (asym.) 1418 - 
Ring C-H bending (asym.) 1233 1233 
Ring C-N stretching (sym.) or S=O stretching (asym.) 1165 1152-1120 
Ring C-H bending in-plane (asym.) or S=O stretching (sym.) 1028 1022 
Ring C-H bending in-plane (asym.) or S-O stretching 900 881-863 
Ring C-H bending out-of-plane (asym.) 750 769 
C-CH2 bending - 726 
Ring C-H bending out-of-plane (asym.) or HSO4
- 
bending 600 607-600 
(SO4)
2- 
stretching 581-576 573 
 
2.4.3.1.3 Mass spectrometry 
 
Full ESI mass spectrometric scans of SMIMHSO4 are in Appendix C. The positive-ion mode ESI-MS 
spectra of SMIMHSO4 all show the presence of the parent cation at m/z 219. Smaller fragment ions  
at lower m/z values  55, 59 65, 83, 111, 129 and 137 that appear much more clearly in spectra 
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obtained when  the cone voltage is increased  from 10V to 50V (Figure 2-21). The peak at m/z 83 is 
assigned to the loss of butyl and -SO3H groups from the cation The peak at m/z 55 is due to the 
fragment ion [C4H7]
+ 
ion and is only observed in the 50 V scan. Other peaks are unassigned but are 
due to the fragmentation and clustering of HSO4
-
 anions and –SO3H functional group. These peaks 
were also observed in SPyrHSO4  The peak at m/z 65  can be assigned to the radical SO2H
+
 ion (168). 
 
as  
Figure 2-21 The positive-ion mode ESI mass spectrum of SMIMHSO4 in methanol: 10V (top) 
and 50 V (bottom) cone voltage. 
 
There is no evidence of peaks in the mass spectra due to clustering of the type [Cationn+Anionn+1]
-
 or 
[Cationn+1+Anionn]
+ 
in the ESI spectra of SMIMHSO4 in either the positive and negative mode although 
clustering in the positive-ion mode is observed between cation molecules, with some loss of H
+
 to 
maintain a  single charge, 
 
in ions of the type  [Cation(n+1)-Hn]
+
. This is possibly due to the presence of 
the exchangeable H atoms on both cation and anion of the ILs. The cluster ion structures and their 
m/z values are in Table 2-29 and are in agreement with the previous reports (166, 169). 
 
Table 2-29 Positive-ion mode ESI mass spectrum of SMIMHSO4 in methanol at 10V cone 
voltage  
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Cation]
+
 [C8H15N2SO3]
+
 219.2, 220.1, 221.1, 222.1 219, 220, 221, 222, 223 
[Cation-butyl group-
SO3H] 
[C4H7N2 ]
+
 83.3 83, 84, 85 
[2Cation-H]
+
 [C16H29N4S2O6]
+
 437.3, 438.3, 439.3, 440.3  437, 438, 439, 440, 441, 442 
[4Cation-3H]
+
 [C32H57N8S4O12]
+
 873.4, 874.4, 875.4,  
873, 874, 875, 876, 877, 878, 
879, 880 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
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In the negative-ion mode spectra, the parent anion is also observed as the base peak at m/z 97 
(HSO4
-
). Fragmentation of the anion to (SO3)
-
 is observed at m/z 80 when 50V of cone voltage is 
applied. Other fragmented ions are also observed at m/z 53, 59, 61. The peak at m/z 195 is due to the 
dimeric ion of the anion with a gain of H
+
 to maintain a single negative charge. The molecular ion is 
detected at m/z 315 and is assigned to molecular ion (M) with a loss of H
+
 to obtain a negatively 
charged ion [M-H]
-
. Clustering of ions is more prevalent in the negative-ion mode for SMIMHSO4. 
Formation of clusters is mainly between cations with a loss of of H
+
 and with the anion, in the form of 
[(Cation-H
+
)n-H
+
]
-
 and [(Cation-H
+
)n+anion]
-  
with n = 1-4 (Table 2-30).  
 
Table 2-30 Negative-ion mode ESI mass spectrum of SMIMHSO4 in methanol at 10V cone 
voltage 
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, 8
 
[Anion]
-
 [HSO4]
-
 97.1, 98.1, 99.1, 101.1 97, 98, 99, 101 
[2Anion+H]
-
 [H3S2O8]
-
 
195.0, 196.0, 197.0, 198.0, 
199.0 
195, 196, 197, 198, 199 
[Cation-2H]
-
 [C8H13N2SO3]
-
 
217.2, 218.2, 219.2, 220.2, 
221.2 
217, 218, 219, 220, 221 
[M-H]
-
 [C8H15N2S2O7]
-
 
315.2, 316.2, 317.2, 318.2, 
319.2 
315, 316, 317, 318, 319 
[2(Cation-H)-H]
-
 [C16H27N4S2O6]
-
 
435.3, 436.3, 437.2, 438.3, 
439.3 
435, 436, 437, 438, 439, 440 
[2(Cation-H)+Anion]
-
 [C16H29N4S3O10]
-
 
533.3, 534.3, 534.4, 535.4, 
536.4, 537.4 
533, 534, 535, 536. 537, 538, 
539 
[3(Cation-H)-H]
-
 [C24H41N6S3O9]
-
 
653.4, 654.4, 655.4, 656.4, 
657.4, 658.4 
653, 654, 655, 656, 657, 658, 
659 
[3(Cation-H)+Anion]
-
 [C24H43N6S4O13]
-
 
751.2, 752.2, 753.2, 754.2, 
755.2, 756.2, 757.2  
751, 752, 753, 754, 755, 756, 
757 
[4(Cation-H)-H]
-
 [C32H47N8S4O12]
-
 871.3, 872.3, 873.3, 874.3  
871, 872, 873, 874, 875, 876, 
877, 878 
[4(Cation-H)+Anion]
-
 [C32H57N8S5O16]
-
 969.3, 970.4, 971.4, 972.4   
969, 970, 971, 972, 973, 974, 
975, 976 
 
At low cone voltage (10 V), broad peaks of unresolved ions (m/z = 484, 593, 702, 811 and 920) are 
observed at wek abundances and correspond to the formation of multiply charged species. Use of the 
higher cone voltage (50V) appears to reduce the appearance of these peaks.  
 
2.4.3.1.4 
1
H NMR spectroscopy 
 
All of the SMIMHSO4 samples prepared in this work have  similar chemical shifts and splitting patterns 
in the 
1
H NMR spectra with the following data: 
1
H NMR (600 MHz, D2O, TMS): δ = 8.57 (s, 1H, 
NCHN), 7.35 (t, 1H, CH(4), J=1.7Hz), 7.29 (t, 1H, CH(5), J=1.8Hz), 4.09 (t, 2H, NCH2, J=7.1Hz), 3.74 
(s, 3H, NCH3), 2.79 (t, 2H, NCH2CH2, J=7.4Hz), 1.87 (pentet, 2H, NCH2CH2CH2, J=7.6Hz), 1.62-1.57 
(multiplet, 2H, SCH2). A typical 
1
H NMR spectrum of SPyrHSO4 with the assignment of each chemical 
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shift is provided in Appendix C. The chemical shifts, splitting pattern and coupling constants obtained 
from the spectra are given in Table 2-31. 
 
Table 2-31 Chemical shifts in 
1
H NMR of SMIMHSO4 in D2O at 30°C (600 MHz) 
Chemical shift (ppm) Splitting pattern ( J, Hz) Assignment 
8.57 Singlet (-) NCHN 
7.35 Triplet (1.7) CH (4) 
7.29 Triplet (1.8) CH(5) 
4.09 Triplet (7.1) NCH2 
3.74 Singlet (-) NCH3 
2.79 Triplet (7.4) NCH2CH2 
1.87 Pentet (7.6) NCH2CH2CH2 
1.62-1.57 Multiplet (-) SCH2 
 
The 
1
H NMR spectra of SMIMHSO4 are characterised by a singlet and two triplets at chemical shifts 
8.57, 7.35 and 7.29 ppm which integrate to one proton for each signal and correspond to the ring 
protons H(2), H(4) and H(5) (a, b and c in Figure 2-22), respectively. A methyl singlet is observed at 
3.74 ppm which is due to the NCH3 group (e). The methylene groups on the butyl chain show signals 
at 4.09, 2.79, 1.87, 1.62-1.57 ppm which all integrate to 2 protons for each signal. All of the signals 
are indicative of the structure of SMIMHSO4 with chemical shifts, integrals, splitting patterns and 
coupling constants in agreement with the expected values. It should be noted that the protons on the  
SO3H group and on the anion are not observable due to their ease of exchange with deuterium in 
both D2O and MeOD-d6, leading to the disappearance of their peaks. 
 
2.4.3.1.5 Elemental analysis 
 
Elemental analysis of the SMIMHSO4 samples give:  C8H16N2S2O7 (%): found (cal.): C, 30.31 (30.37); 
H, 5.07 (5.10); N, 8.79 (8.85); S, 19.39 (20.27); O, 36.79 (35.41). 
 
2.4.3.1.6 Thin layer chromatography 
 
Thin layer chromatography of SMIMHSO4 yielded an Rf value of 0.32 (solvent system: 2:1 methanol to 
ethyl acetate). 
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Figure 2-22 Assignment of 
1
H NMR chemical shifts for SMIMHSO4 in D2O obtained on a 600 
MHz spectrometer at 30°C, with reference to TMS chemical shifts. 
 
2.4.3.2 Preparation and characterisation of SPyrHSO4 
 
The synthesis of SPyrHSO4 was carried out using the same procedure as SMIMHSO4 with pyridine as 
the nucleophile in the zwitterion formation. The product IL is a viscous pale yellow/brown liquid with 
no observed crystallisation at room temperature (Figure 2-4). Yields obtained are 91% from the 
conventional method and, 88% from the open-vessel microwave reactor. The formation of the 
zwitterionic precursor for rapid synthesis in the closed-vessel microwave reactor resulted in 
unsatisfactory yields (3.5%) and shows that longer reaction times are required. High water retention is 
also observed for SPyrHSO4, especially in samples obtained by the microwave route.  
 
2.4.3.2.1 Thermal analysis 
 
All SPyrHSO4 samples decomposed endothermically between 250 and 350°C. The onset 
decomposition temperature is 300-308°C and agrees well with the values reported  by Han et al. (170) 
and Wu et al (167). Water content does not have such a great effect on the decomposition 
temperatures of SPyrHSO4 which remain in a similar range for samples of varying water content 
(Table 2-32) 
.  
2.4.3.2.2 FTIR spectroscopy 
 
The absorption bands in FTIR spectra of SPyrHSO4 are also not well resolved but the band 
assignments are in agreement with the expected structure and are given in Table 2-28 and a typical 
spectrum shown in Figure 2-23. 
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Table 2-32 Thermal analysis of SPyrHSO4 samples obtained from different synthesis methods  
Entry Synthesis method 
T onset 
(°C)
 a
 
DSC 
minimum 
(°C) 
T5% 
b
 
 
Water 
content 
1 Reflux at 40°C, N2 atmosphere 300 315 282 3614 
2 Open vessel microwave reactor 303 326 288 14679 
a
 T onset = Onset decomposition temperature, determined by TGA curve using a step-tangent method. 
b
 T5% = Temperature at which 5% mass loss occurs after 200°C to allow for any loss of water. 
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Figure 2-23 FTIR spectra of SPyrHSO4, obtained in neat liquid using NaCl discs in 100 scans 
with a resolution of 8 cm
-1 
 
2.4.3.2.3 Mass spectrometry 
 
The positive-ion mode ESI-MS mass spectra of SPyrHSO4 show a base peak at m/z 216 which 
corresponds to the parent cation. Peaks due to smaller ions and cluster ions of HSO4
-
 and SO3H 
appear at m/z values of 59, 65, 111 and 137 which become more abundant when the cone voltage is 
increased from 10V to 50 V (Appendix C). The peak at m/z 80 is assigned to the loss of the butyl and 
SO3H groups (only apparent in the 50 V scan). The peak at m/z 55 is attributed to the fragment ion, 
[C4H7]
+
. Cluster formation is mainly between cations with a loss of H
+
. A homologous series of clusters 
with formula [Cation(n+1)-Hn] can be observed at m/z 431, 646, and 861 for n = 1-3 respectively (Table 
2-33). 
 
In the negative-ion scan (Table 2-34), the parent anion shows a base peak at m/z 97. Fragmentation 
of the anion to (SO3)
-
 is observed at m/z 80 when 50 V of cone voltage is applied. The peak at m/z 
195 is due to the clustering between two anions and a H
+
 ion to maintain the single negative charge. 
The molecular ion of SPyrHSO4 can be observed at m/z 312 which is formed by a loss of a H
+
 proton.  
Clustering in the negative-ion mode is more prevalent than in the positive mode and clusters between 
cations with a loss of H
+
 and with the anion such as  [(Cation-H
+
)n-H
+
]
-
 and [(Cation-H
+
)n+Anion]
- 
with n 
= 1-4 (Table 2-34) can be identified. Clustering of multiply-charged species in low abundance is also 
observed in the negative-ion mode by the appearance of broad unresolved peaks at m/z 155, 263, 
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370, 478, 585, 693, 801 and 907. Increasing the cone voltage to 50V reduces the prevalence of these 
cluster peaks.   
 
Table 2-33 Positive-ion mode ESI mass spectrum of SPyrHSO4 in methanol (10 V cone voltage) 
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Cation]
+
 [C9H14NSO3]
+
 216.2, 217.2, 218.2, 219.2 216, 217, 218, 219, 220 
[Cation-butyl group-
SO3H] 
[C5H6N]
+
 80.2, 81.2, 82.2 80, 81, 82 
[2Cation-H]
+
 [C18H27N2S2O6]
+
 
431.3, 432.4, 433.3, 434.4, 
435.4 
431, 432, 433, 434, 435, 436 
[3Cation-2H]
+ 
 [C27H40N3S3O9]
+
 646.3, 647.3, 648.3, 649.3 
646, 647, 648, 649, 650, 651, 
652 
[4Cation-3H]
+ 
 [C36H53N4S4O12]
+
 861.3, 862.3, 863.3, 864.3 
861, 862, 863, 864, 865, 866, 
867, 868 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
 
Table 2-34 Negative-ion mode ESI mass spectrum of SPyrHSO4 in methanol at 10 V cone 
voltage 
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Anion]
-
 [HSO4]
-
 97.1, 98.1, 99.1, 101.1 97, 98, 99, 101 
[2Anion+H]
-
 [H3S2O8]
-
 
194.9, 195.9, 196.9, 197.9, 
198.9 
195, 196, 197, 198, 199 
[M-H]
-
 [C9H14NS2O7]
-
 
312.3, 313.2, 314.2, 315.2, 
316.2 
312, 313, 314, 315, 316 
[2(Cation-H)-H]
-
 [C18H25N2S2O6]
-
 429.2, 430.3, 431.3, 432.3 429, 430, 431, 432, 433, 434 
[2(Cation-H)+Anion]
-
 [C18H27N2S3O10]
-
 
527.3, 528.3, 529.3, 530.3, 
531.3 
527, 528, 529, 530, 531, 532, 
533 
[3(Cation-H)-H]
- c
 [C27H38N3S3O9]
-
 
644.3, 645.2, 646.2, 647.2, 
648.2 
644, 645, 646, 647, 648, 649, 
650 
[3(Cation-H)+Anion]
-
 [C27H40N3S4O13]
-
 742.4, 743.4, 744.4, 745.4  
742, 743, 744, 745, 746, 747, 
748 
[4(Cation-H)-H]
- c
 [C36H51N4S4O12]
-
 
859.3, 860.3, 861.5, 862.5, 
863.5, 864.5 
859, 860, 861, 862, 863, 864, 
865, 866 
[4(Cation-H)+Anion]
- c
 [C36H53N4S5O16]
-
 
957.3, 958.3, 959.3, 960.3, 
961.3 
957, 958, 959, 960, 961, 962, 
963, 964 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
C
 Clusters exist in low relative abundance. 
 
2.4.3.2.4 
1
H NMR spectroscopy 
 
All of the SPyrHSO4 samples show similar chemical shifts and splitting patterns in the 
1
H NMR 
spectra with the following data: 
1
H NMR (600 MHz, D2O, TMS): δ = 8.76 (d, 2H, CHNCH, J=5.4Hz), 
8.45 (t, 1H, CH, J=7.9Hz), 7.98 (t, 2H, CHCHCH, J=7.1Hz), 4.56 (t, 2H, NCH2, J=7.4Hz), 2.86 (t, 2H, 
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NCH2CH2, J=7.8Hz), 2.12-2.04 (multiplet, 2H, NCH2CH2CH2), 1.73-1.66 (multiplet, 2H, SCH2). A 
typical 
1
H NMR spectrum of SPyrHSO4 with assignment of each chemical shift is shown in Appendix 
C and the chemical shifts, splitting pattern and coupling constants obtained from the spectra are given 
in Table 2-35. 
 
The 
1
H NMR spectra of SPyrHSO4 are characterised by a doublet and two triplets at chemical shifts of 
8.76, 8.45 and 7.98 ppm which integrate to 2:1:2 proton ratio and correspond to the ring protons. The 
methylene groups on the butyl chain show signals at 4.56, 2.86, 2.12-2.04 and 1.73-1.66 ppm which 
all integrate to 2 protons for each signal. All of the signals are indicative of the structure of SMIMHSO4 
with chemical shifts, integrals, splitting patterns and coupling constants in agreement with the 
expected values. It should be noted that the protons at SO3 group and on the anion is not observable 
due to their ease of exchange with deuterium, leading to the disappearance of these chemical shifts. 
  
Table 2-35 Chemical shifts in 
1
H NMR of SPyrHSO4 in D2O at 30°C (600 MHz) 
Chemical shift (ppm) Splitting pattern ( J, Hz) Assignment 
8.76 Doublet (5.4) CHNCH 
8.45 Triplet (7.9) CH 
7.98 Triplet (7.1) CHCHCH 
4.56 Triplet (7.4) NCH2 
2.86 Triplet (7.8) NCH2CH2 
2.12-2.04 Multiplet (-) NCH2CH2CH2 
1.73-1.66 Multiplet (-) SCH2 
 
2.4.3.2.5 Elemental analysis 
 
Elemental analysis of SPyrHSO4 are: C9H15NS2O7 (%): found (cal.): C, 33.96 (34.50); H, 4.96 (4.82); 
N, 4.44 (4.47); S, 19.25 (20.47); O, 38.09 (35.74). 
 
2.4.3.2.6 Thin layer chromatography 
 
Thin layer chromatography of SPyrHSO4 yielded an Rf value of 0.32 (solvent system: 2:1 methanol to 
ethyl acetate).  
 
2.4.4 The reaction of 1-methylimidazole with 3-
bromopropionitrile, the synthesis and characterisation of 
ProtoMIMBr and attempted preparation of “CMIMBr” 
 
The preparation of “CMIMBr” via the microwave-assisted method and the conventional route was not 
successful as the reaction did not form the expected product from the starting materials, 1-
methylimidazole and 3-bromopropionitrile. Instead, a different major product was obtained and was 
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identified as 1-hydrogen-3-methylimidazolium bromide (ProtoMIMBr) shown in Figure 2-24. The 1-
methylimidazole and 3-bromopropionitrile system has been investigated in more detail by Grimes and 
Gooding (171) but for the purpose of the present work, the main product ProtoMIMBr was synthesised 
and, characterised for comparison and clarification. 
 
The synthesis of ProtoMIMBr was carried out using 1-methylmidazole and hydrobromic acid. 
Hydrobromic acid was added dropwise into a round bottom flask containing 1-methylmidazole with 
stirring. The reagents were stirred for 30 minutes before being washed with diethyl ether (3x50ml) and 
dried in the rotary evaporator. Characterisation data of pure ProtoMIMBr are included in Appendix C. 
 
NN
Br
H
+
 
Figure 2-24 1-hydrogen-3-methylimidazolium bromide (ProtoMIMBr) 
 
The attempts to synthesise “CMIMBr” were carried out both conventionally and via microwave routes 
using 1-methylimidazole (10.26 g, 125 mmol) and 3-bromopropionitrile (21.84 g, 163 mmol). In the 
conventional method, the reagents were refluxed at either room temperature or at 40°C for 24 hr. 
Both closed and open vessel microwave reactors were also used for the attempted synthesis of 
“CMIMBr”. The resulting product is a light yellow liquid that formed crystals on standing at room 
temperature (Figure 2-4). The following characterisation data for products obtained conventionally 
and via microwave routes showed that they consist of mainly ProtoMIMBr with “CMIMBr” as a minor 
product.  
 
2.4.4.1 Mass spectrometry 
 
Full ESI mass spectra from both positive and negative scans of the “CMIMBr” product are shown in 
Figure 2-25 and Figure 2-27. 
 
The positive-ion mode ESI mass spectra of the product did not show the expected major peak 
associated with the parent main cation ([C7H10N3]
+
)  at m/z 136. The peak at 136 was found to be only 
5% of the peak at m/z 83 (Figure 2-25). Varying the cone voltage from 10 V to 90 V did not change 
this result indicating the presence of the ion [C4H7N2]
+
 (ProtoMIM
+
) as the main product in the mass 
spectrum (Figure 2-26). 
 
The observation of the clustering formation confirms the presence of a mixture of cations: [CMIM]
+
 
([C7H10N3]
+
) and [ProtoMIM]
+
 ([C4H7N2]
+
). Clustering of [CMIM...Br...Proto-MIM]
+
 is observed at m/z 
298. Further clustering of the two types of cations with the bromide can be observed at m/z 460, 620 
and 675 for: [2ProtoMIM+CMIM+2Br]
+
, [3ProtoMIM+CMIM+3Br]
+
 and [2ProtoMIM+2CMIM+3Br]
+
, 
respectively. No peaks are found for [ProtoMIM+2CMIM+2Br]+, [2ProtoMIM+2CMIM+3Br]
+ 
and 
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[ProtoMIM+3CMIM+3Br]
+
, possibly due to i) the predominance of [ProtoMIM]
+
 cations, over [CMIM]
+
 
or, ii) a higher relative interaction strength between ProtoMIM...Br than CMIM...Br which increases the 
tendency of clustering of anion with [ProtoMIM]
+
 (172, 173). Clusters of the type [Cationn+1Anionn]
+
 
have also been observed for both [ProtoMIM]
+
 and [CMIM]
+
 with [ProtoMIM]
+
…Br
-
 clusters having 
generally higher relative abundance than the [CMIM]
+
 counterparts (Table 2-36). 
 
 
Figure 2-25 ESI-MS spectra of (attempted) “CMIMBr” product in methanol in 10 V-positive scan 
 
 
Figure 2-26 The positive-ion mode ESI mass spectra of (attempted) “CMIMBr” in methanol at 
variable cone voltage (10-90V) with the [C4H7N2]
+
 ions at m/z 83 observed as the main base 
peak in all cone voltage variations 
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The negative-ion mode ESI mass spectra (Figure 2-27) show the parent anion at m/z 79 and 81. The 
cluster peaks identified are mainly between [ProtoMIM]
+
 and Br
-
 and  can be observed at 241, 403, 
565, 727 and 889 for n =1-5, respectively. Similarly, clustering peaks for [ProtoMIM]
+
, [CMIM]
+
 and 
[Br]
-
 are  observed for: [3Br+ProtoMIM+CMIM]
-
 and [6Br+3ProtoMIM+2CMIM]
-
 at m/z 456 and 995, 
respectively. These observations further confirm that the IL studied comprises largely [ProtoMIM]
+
 
cations. Table 2-37 summarises the clusters observed in the negative scan.  
 
 
Figure 2-27 ESI-MS spectra of (attempted) “CMIMBr” product in methanol in 20 V-negative 
scan 
 
2.4.4.2 Accurate mass spectroscopic measurements 
 
To confirm the presence of CMIMBr in the “CMIMBr” sample, an accurate mass measurement of the 
[CMIM]
+
 cation peak at m/z 136 was obtained in the positive nanospray mode. The detected mass 
shown in Table 2-38 is within 0.6 ppm of the theoretical mass, confirming the structure and the 
presence of [CMIM]
+
 cation in “CMIMBr” sample, although as a lower-abundant component (~5%). 
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Table 2-36 Positive-ion mode ESI mass spectrum of (attempted) “CMIMBr” in methanol at 10V 
cone voltage 
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[ProtoMIM]
+
 [C4H7N2]
+ 
83.3, 84.3, 85.3 83, 84, 85 
[CMIM]
+
 [C7H10N3]
+
 136.2, 137.2 136, 137, 138 
[2ProtoMIM-H]
+
 [C8H13N4]
+
 165.1, 166.1 165, 166, 167 
[2ProtoMIM+Anion]
+
 [C8H14N4Br]
+
 
245.1, 246.1, 247.1, 
248.1, 249.2 
245, 246, 247, 248, 249 
[ProtoMIM+CMIM+Anion]
+
 [C11H17N5Br]
+
 298.1, 299.1, 300.1, 301.1 298, 299, 300, 301, 302 
[2CMIM+Anion]
+
 [C14H20N6Br]
+
 351.2, 352.2, 353.2, 354.2 
351, 352, 353, 354, 355, 
356 
[3ProtoMIM+2Anion]
+
 [C12H21N6Br2]
+
 
407.3, 408.3, 409.3, 
410.3, 411.3, 412.3 
407, 408, 409, 410, 411, 
412, 413 
[2ProtoMIM+CMIM+2Anion]
+
 [C15H24N7Br2]
+
 
460.2, 461.2, 462.2, 
463.2, 464.2, 465.2 
460, 461, 462, 463, 464, 
465, 466 
[4ProtoMIM+3Anion]
+
 [C16H28N8Br3]
+
 
569.3 570, 571.1, 572.1, 
573.1, 574.1, 575.0 
569, 570, 571, 572, 573, 
574, 575, 576, 577 
[3ProtoMIM+CMIM+3Anion]
+
 [C19H31N9Br3]
+
 
622.4, 623.4, 624.4, 
625.4, 626.4, 627.4,  
628.4, 629.4, 630.4 
622, 623, 624, 625, 626, 
627, 630, 631 
[6ProtoMIM+5Anion]
+ c
 [C24H42N12Br5]
+
 
893.0, 894.0, 895.0, 
896.0, 897.0, 898.0, 
899.0, 900.0, 901.0 
893, 894, 895, 896, 897, 
898, 899, 901, 902, 903, 
904, 905 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated. 
C
 Only observed in 20 V cone voltage scan  
 
Table 2-37 Negative-ion mode ESI mass spectrum of (attempted) “CMIMBr” in methanol at 20 V 
cone voltage 
Ion species Formula 
Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Anion]
-
 [Br]
-
 79.1, 81.1 79, 81 
[2Anion+H]
-
 [HBr2]
-
 159.0, 160.9, 163.1 159, 161, 163 
[2Anion+ProtoMIM]
-
 [C4H7N2Br2]
-
 
241.0, 242.1, 243.1, 
244.1, 245.1, 246.1 
241, 242, 243, 244, 245, 
246 
[2Anion+CMIM]
-
 [C7H10N3Br2]
-
 
294.1, 295.1, 296.1, 
297.1, 298.1, 299.1 
294, 295, 296, 297, 298, 
299, 300 
[3Anion+2ProtoMIM]
-
 [C8H14N4Br3]
-
 
403.1, 404.1, 405.1, 
406.1, 407.1, 408.1, 
409.1, 410.1 
403,  404, 405, 406, 407, 
408, 409, 410, 411 
[3Anion+ProtoMIM+CMIM]
-
 [C11H17N5Br3]
-
 
456.1, 457.1, 458.2, 
459.1, 460.1, 461.1, 462.1
  
456, 457, 458, 459, 460, 
461, 462, 463, 464 
[4Anion+3ProtoMIM]
-
 [C12H21N6Br4]
-
 
565.1, 566.1, 567.1, 
568.1, 569.1, 570.1, 
571.1, 572.1, 573.1 
565, 566, 567, 568, 569, 
570, 571, 572, 573, 574, 
575 
[5Anion+4ProtoMIM]
-
 [C16H28N8Br5]
-
 
727.0, 728.0, 729.0, 
731.0, 732.0, 733.0, 734.0 
727, 728, 730, 731, 732, 
733, 734, 735, 736, 737, 
738, 739 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
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Table 2-38 Accurate mass measurements in positive nanospray modes of “CMIMBr” (in 
methanol) in comparison with theoretical values 
Detected mass Theoretical mass 
Delta mass 
(ppm) 
Assignment 
136.0868 136.0869 -0.6 [C7H10N3]
+ 
([CMIM
+
]) 
 
2.4.4.3 1H NMR spectroscopy  
 
It is also apparent from the 
1
H NMR spectrum (Figure 2-28) that ProtoMIMBr is the dominant product, 
arising from the attempted synthesis of “CMIMBr” which is present as the minor component. The main 
chemical shifts correspond to the protons on the ProtoMIMBr structure and show a close resemblance 
to the 
1
H NMR spectrum of pure ProtoMIMBr (Figure 2-29 and Table 2-40). The presence of weak 
intensity peaks which integrate to approximately 5 mol% of the main ProtoMIMBr peaks have shifts 
that correspond to the protons in “CMIMBr”. Assignment of chemical shifts corresponding to the 
structures of both ProtoMIMBr and “CMIMBr” are shown in Figure 2-28. It is clear from the downfield 
chemical shifts that the acidity of ProtoMIMBr is higher than the corresponding “CMIMBr” and other 
alkyl-substituted ILs in this study, possibly due to the protonated imidazolium ring.  
 
Figure 2-28 Assignement of 1H NMR spectrum of (attempted) “CMIMBr” in DMSO-d6, 30°C 
(600MHz) 
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Table 2-39 Chemical shift assignment of 
1
H NMR spectra of a mixture of ProtoMIMBr and 
“CMIMBr” in DMSO-d6 at 30°C (600 MHz) 
Sign 
Chemical shift 
(ppm) 
Splitting pattern ( J, Hz) Assignment Compound Integral 
A 9.12 Singlet (-) NCHN ProtoMIMBr 1 
B 7.70 Triplet (1.6) NCH(4) ProtoMIMBr 0.98 
C 7.67 Triplet (1.6) NCH(5) ProtoMIMBr 1 
D 3.87 Singlet (-) NCH3 ProtoMIMBr 3.37 
E 9.28 Singlet (-) NCHN “CMIMBr” 0.05 
F 7.86 Triplet(1.8) NCH(4) “CMIMBr” 0.07 
G 7.78 Triplet (1.7) NCH(5) “CMIMBr” 0.05 
I 4.52 Triplet (7.0) NCH2 “CMIMBr” 0.11 
H 3.89 Singlet (-) NCH3 “CMIMBr” 0.18 
J 3.23 Triplet (6.5) NCH2CH2 “CMIMBr” 0.11 
 
 
Figure 2-29 1H NMR spectrum of pure ProtoMIMBr in DMSO-d6, 30°C (600MHz) 
 
Table 2-40 Chemical shift assignment of 
1
H NMR spectra of pure ProtoMIMBr in DMSO-d6 at 
30°C (600 MHz) 
Chemical shift (ppm) Splitting pattern ( J, Hz) Assignment 
9.26 Singlet (-) NCHN 
7.76 Triplet (1.6) NCH(4) 
7.66 Triplet (1.6) NCH(5) 
3.87 Singlet(-) NCH3 
 
2.4.4.4 Elemental analysis  
 
Elemental analysis of the product also shows detections corresponding to approximately 5% of 
“CMIMBr” and 95% ProtoMIMBr (Table 2-41). 
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Table 2-41 Elemental analysis of mixture of “CMIMBr” and ProtoMIMBr compared to theoretical 
values (171) 
Compound 
C 
(%) 
H 
(%) 
N 
(%) 
Br 
(%) 
Product (“CMIMBr”) 28.63 4.67 16.55 46.81 
ProtoMIMBr (theoretical) 29.5 4.3 17.2 49.0 
“CMIMBr” (theoretical) 38.9 4.6 19.5 37.0 
95% ProtoMIMBr + 5% “CMIMBr” (theoretical) 29.97 4.32 17.32 48.40 
 
2.4.4.5 FTIR spectroscopy  
 
The FTIR spectrum of the product does not reveal much information on the identity of the compound 
but the fact that the C≡N absorption band which should show a peak at 2250 cm
-1 
is almost invisible 
on the spectrum indicates that “CMIMBr” is present in a small amount (Figure 2-30). The rest of the 
absorption bands correspond to the imidazolium ring and its alkyl substitution and is summarised in 
Table 2-42.  
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Figure 2-30 FTIR spectrum of (attempted) “CMIMBr” product, obtained in neat liquid using 
NaCl discs in 100 scans with a resolution of 8 cm
-1 
 
2.4.4.6 Thermal analysis 
 
In terms of thermal behaviour, “CMIMBr” and ProtoMIMBr both show thermal stability up to 230°C 
with onset decomposition of 285°C. Major weight loss is in the range of 230-350°C (for samples with 
3000 ppm water content). TG-DSC profiles of “CMIMBr” and pure ProtoMIMBr are provided in 
Appendix C. 
 
2.4.4.7 Thin layer chromatography 
 
Thin layer chromatography of both “CMIMBr” and ProtoMIMBr yielded an Rf value of 0.47 (solvent 
system: 3:2 of chloroform to methanol). The two components were not separated on the TLC plate 
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possibly because of their similarity in polarity or that both compounds have high affinity towards each 
other. 
 
Table 2-42 Assignment of FTIR absorption bands for (attempted) “CMIMBr” product 
Assignment Wavenumber (cm
-1
) 
Aromatic C-H stretching 3116 
Aromatic C-H stretching (CH···X)
a
 3047 
Aliphatic C-H stretching 2945 
Aliphatic CH3 stretching (sym.) 2835 
Ring C=C stretching (sym.) 1576/1542 
C-CH2 bending (asym.) 1423 
C-CH3 bending (asym.) 1380 
Ring stretching (sym.) or 
 Ring C-N stretching  
1334/1229 
1134 
Ring C-H bending in-plane (asym.) 1074/1003 
C-H bending in-plane  806 
Ring C-H bending out-of-plane (asym.) 748 
Ring C-H bending out-of-plane (asym.) 633/623 
 
In summary, it was found that although dry reagents were used for the synthesis in anhydrous and 
inert conditions, the formation of “CMIMBr” as a main product was not possible. Instead, a product 
containing a mixture of ca. 5 mol% “CMIMBr” and 95 mol% ProtoMIMBr was obtained in both 
conventional and microwave-assisted syntheses. One possible explanation for such formation is that 
the reaction between 1-methylimidazole and 3-bromopropionitrile was highly exothermic due to the 
strong electron withdrawing effect of nitrile reagent, and the CN group was displaced as a result of 
excessive reaction heat. Milder condition may be required by using lower reaction temperature (<20°C) 
and introduction of solvent medium to dissipate the heat of reaction. Nevertheless, this approach 
would impart the original aim of the research in finding an alternative synthesis route that does not 
require reaction solvent. 
 
2.5   Use of ionic liquids in material recovery applications 
 
The main aim of the work described in this thesis is to consider the potential of a range of ILs for use 
in material recovery applications and in particular for recovery of key components from organic waste 
streams. This Chapter contains a description of the synthesis of a series of pure ILs that have been 
used in measuring the solubilities of the key components prior to determining the effects of the use of 
as-prepared ILs,  without additional purification, on these solubilities. In this section, the effects of (i) 
the use of rapid synthesis methods on the yields and stabilities of the ionic liquid solvents and (ii) the 
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effects of the presence of moisture absorbed from the atmosphere on the compositions of the ILs to 
be used in recovery applications are considered. 
 
2.5.1 Rapid synthesis methods  
 
Both conventional and rapid microwave-assisted methods were used to prepare ILs in this study.  The 
synthesis times are reduced from hours in conventional preparations to minutes in the microwave-
assisted methods which mean that there are major economic benefits in using the rapid methods in 
the synthesis of solvents to be used in recovery applications. Table 2-43 contains a comparison of the 
times of reaction and yields obtained by conventional and microwave-assisted syntheses. Whilst the 
yields from both synthesis methods are mostly in a similar range, there is an order of magnitude 
difference in the preparation times.  
 
Although only short reaction times are required for the reaction in the open vessel microwave reactor, 
the closed vessel reactor can offer better control over reaction conditions such as temperature and 
power as well as stirring mechanisms that help avoid the formation of hotspots in the reaction vessel 
and prevent evaporation of reagents leading to reagent loss. This is especially true for reactions 
involving short chain haloalkanes with low boiling points that lead to evaporative loss and low yields in 
open systems.  
 
Table 2-43 Yields of ILs from microwave synthesis methods compared to conventional 
methods (molar ratio) 
 
 
IL 
Closed vessel 
microwave reactor 
a
 
Open vessel 
microwave reactor 
Conventional synthesis 
b
 
 
Yield 
(%) 
Time 
Yield 
(%) 
Time 
Yield 
(%) 
Time 
HpyrBr 37 60 min 99 165 sec 82 24 hr 
“CMIMBr” 90 60 min 87 60 sec 90 24 hr 
BMIMCl 8, 73
c
 60 min, 7min
c
 - - 99
d
 24 hr 
PMIMBr 97 60 min 74 25 sec 98 24 hr 
BMIMBr 90 60 min 86 25 sec 95 24 hr 
HMIMBr 85 60 min 92 70 sec 90 24 hr 
SMIMHSO4 7 
e
 60 min 90 
(stage 1) 70 sec 
+ (stage 2) 75 min 
89 
(stage 1) 24 hr + 
(stage 2) 24 hr 
SPyrHSO4 3 
e
 60 min 88 
(stage1) 40 sec 
+ (stage 2) 25 min 
91 
(stage 1) 24 hr + 
(stage 2) 24 hr 
a
 Irradiation temperature of 80°C; 
b
 reflux at 40°C under nitrogen; 
c
 Irradiation temperature of 140°C; 
d
 reflux at 
80°C under nitrogen; 
e
 Irradiation temperature of 40°C. 
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In general, higher temperatures lead to an increase in yield in both conventional and microwave-
assisted syntheses as shown in Figure 2-31 and Figure 2-32. 
 
 
Figure 2-31 Formation of ILs in the conventional reflux set up under nitrogen atmosphere 
(reaction time = 24 hr) 
 
 
Figure 2-32 Formation of ILs in the closed vessels microwave reactor at different irradiation 
temperatures (reaction time = 60 min) 
 
2.5.2 Absorbed water and ionic liquids 
 
Characterisation of the ILs prepared in this work shows that water is the main impurity. While every 
attempt was made to keep the IL samples as dry as possible, as-prepared ILs tend to be hygroscopic 
and pick up water from the atmosphere (74). Since it is the intention to use as-prepared ILs in 
recovery studies it is important to take account of their hydroscopic properties. 
 
To determine the extent of water absorption of ILs, prepared in this work samples were left standing 
under ambient conditions in a 50 ml round bottom flask for up to 24 hr. The results are in Figure 2-33 
and Figure 2-34. The degree of water absorption in the ILs prepared in this work can be classified into 
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three groups: 1) HPyrBr, PMIMBr, HMIMBr and BMIMCl which show absorption of c.a. 1% w/w (≈ 0.1 
mole fraction of water) in 24 hr; 2) BMIMBr and ProtoMIMBr which show a higher degree of 
absorption - c.a. 3 %w/w (≈ 0.3 mole fraction of water) of water in 24 hr; and 3) SMIMHSO4 and 
SPyrHSO4, for which equimolar amounts of water can be  absorbed  within 24 h. All of these ILs are, 
however, completely miscible with water and thus give rise to single phase solvents.  
 
 
Figure 2-33 Absorption of water by ILs over time in ambient conditions, expressed in % by 
weight 
 
Figure 2-34 Absorption of water by ILs over time in ambient conditions, expressed in mole 
fractions 
 
The presence of water does not, however, significantly lower the decomposition temperatures of ILs 
(Table 2-44) in most cases where water content is in the range of 500-15000 ppm. 
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Table 2-44 Comparison of thermal stability of ILs 
a
 
Entry Ionic liquid 
Water  
content  
(ppm) 
T onset 
(°C)
 b
 
DSC 
minimum 
(°C) 
T5% 
c
 
 
Water 
content  
(ppm) 
T onset 
(°C)
 b
 
DSC 
minimum 
(°C) 
 
T5% 
c
 
 
1 HpyrBr 741 233 263 213 3892 229 262 224 
2 PMIMBr 3294 277 320 258 5234 282 322 260 
3 BMIMBr 1077 277 320 251 3415 278 319 263 
4 HMIMBr 2493 272 316 245 3675 276 316 258 
5 BMIMCl 2745 258 285 234 2866 262 285 245 
6 SMIMHSO4 4578 316 356 298 10074 327 365 294 
7 SPyrHSO4 3614 300 315 282 14679 303 326 288 
a
 Data are from the thermal analysis of IL samples obtained conventionally and open vessel microwave method. 
b
 Tonset = Onset decomposition temperature, determined by TGA curve using a step-tangent method. 
c
 T5% = Temperature at which 5% mass loss occurs above 200°C to allow loss of water. 
 
2.6 Summary 
 
Because of the time-consuming nature of the synthesis of ILs by conventional methods, they are 
unlikely to be of value in bulk use in applications such as material recovery from wastes and low 
grade sources. The research work, as described in this chapter, has shown that the microwave-
assisted synthesis methods result in the rapid preparation of ILs of comparable quality to that 
obtained conventionally, and that the microwave methods have a further advantage over conventional 
methods in that they do not require the use of volatile organic solvents in the preparations.  
 
It has been shown previously (74) and in this study that the ILs are hygroscopic and this can result in 
a significant water content in any IL solvent used in recovery applications. The determination of 
solubilities in both dry and as-prepared ionic liquids of the components of wastes that are regarded as 
key materials to be recovered is described in Chapter 3. 
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CHAPTER 3                                                          
SOLUBILITY OF KEY VALUE COMPONENTS FROM 
ORGANIC STREAMS IN IONIC LIQUIDS 
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3.1 Introduction 
 
In this Chapter the use of ILs, described in Chapter 2, is investigated as solvents for the extraction 
and recovery of valuable key components from mixed waste streams, and particularly from food and 
food-related waste streams. The solubilities of pure food components in the ‘dry’ ILs are determined 
to assess their potential use as solvents to selectively recover and isolate individual components. 
Since the ILs are hygroscopic (74) and can absorb water from the atmosphere, the solubility studies 
are extended to identify any changes in solubility of the waste components in as-prepared ILs that are 
likely to contain higher levels of water. Figure 3-1 sets out the methodology used to determine the 
solubilities of key organic components in ILs described in this chapter and the methodology to assess 
the potential for their use in extraction processes, described in Chapter 4. 
 
 
Figure 3-1 Flow chart of the experimental protocol used 
 
3.2 Solubility of key organic components in ILs - 
Methodology 
 
As a first step to assessing the applicability of ILs in the extraction of key food and food-related 
components solubility measurements were carried out on pure components in the range of ILs 
described in Chapter 2. The components were grouped into six categories of compounds commonly 
found in food, and included: carbohydrates represented by glucose (monosaccharide), sucrose 
(disaccharides), starch and cellulose (polysaccharides); amino acids represented by L-glutamic acid 
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(a polar amino acid) and glycine (a non-polar type); fatty acids represented by palmitic, oleic and 
linoleic acids  and characteristic of saturated, unsaturated and polysaturated fatty acids respectively; 
organic acids represented by lactic acid; fats, represented by glycerol and vegetable oil; and other 
materials such as lignin, found in the cell wall of plants and timbers and usually associated with 
cellulose, polylactic acid, a polymer of lactic acid  and quercetin, a polyphenol found in apple-based 
wastes and minerals, represented by hydroxyapatite, the main constituent found in bones and shells. 
 
In order to assess the impacts of water on the solubility behaviour of the ILs, solubilities of the food 
components were determined in ‘dry’ IL samples and in samples with incremental water contents 
ranging from <0.1 to 2 mole ratio of water:IL. The effect of microwave heating on the solubility of 
some of the components was also determined in one IL (BMIMCl). 
 
3.2.1 Materials used 
 
Dry ionic liquid samples were prepared conventionally using the procedure described in Section 
2.2.2.1 in Chapter 2. As-prepared ILs were prepared by microwave-assisted synthesis described in 
Section 2.2.2.2 in Chapter 2. Distilled water was used for adjusting water concentrations in IL samples. 
Food and food related components used for solubility determination in ILs are listed in Table 3-1. 
 
3.2.2 Preparation of IL samples with varying water content 
 
In addition to ‘dry’ IL samples (water content <0.1 mole ratio of water) obtained by the conventional  
procedures described in Chapter 2, binary mixtures of distilled water and IL, with water concentrations 
of c.a. 0.1, 0.5, 1 and 2 mole ratio (water: IL) were prepared by weight using an analytical balance 
with a precision of ±0.0001 g. A micro-syringe was used to add an appropriate amount of water into a 
capped vial containing the IL sample with known water content, determined by Karl Fischer titration. 
The aqueous IL mixture was stirred under dry N2 atmosphere for 1 hr to ensure complete miscibility of 
the two liquids. The mixture was then transferred into a dry capped vial and the final water content of 
each water-adjusted IL sample determined by Karl Fischer titration immediately before solubility 
determinations and FTIR measurements. 
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Table 3-1 List of food compounds tested for solubility in ILs 
Class Components (Chemicals) Supplier 
Carbohydrates 
Glucose Fisher 
Sucrose Riedel-de Haën 
Starch BDH Chemical Ltd 
Amino acids 
L-glutamic acid BDH Chemical Ltd 
Glycine BDH Chemical Ltd 
Fatty acids 
Palmitic acid Acros Organics 
Oleic acid Acros Organics 
Linoleic acid Acros Organics 
Fats Glycerol Fluka 
Organic acids Lactic acid Fluka 
Minerals Hydroxyapatite Riedel-de Haën 
Others 
Polylactic acid Fluka 
Cellulose Fluka 
Lignin (alkali) Sigma Aldrich 
Quercetin Sigma Aldrich 
 
3.2.3 Solubility testing 
 
Solubility of food and food-related components in ILs 
 
The solubilities of the food and food-related components listed in Table 3-1 were determined in the 
‘dry’ ILs, ILs with varying water concentrations and as-prepared ILs using a procedure that involved a 
stepwise addition of solute (10 mg) to an IL sample (1 g) in a capped vial, equipped with a magnetic 
stirrer. The mixture was stirred and heated at 80°C for 20 min before assessing the solubility. Aliquots 
of the components were added to the IL until saturated, which was indicated by visible insolubility of 
the component in the IL phase. The weight of the component added was recorded for the solubility 
calculated. The procedure was repeated in triplicate. 
 
In order to avoid further water absorption from the air by the IL samples during the solubility 
determinations, handling of ‘dry’ ILs and IL:water mixtures (after adjusting water concentration) and 
solubility testing in these ILs were carried out in a dry box filled with dry N2 atmosphere, using ILs 
stored in a capped vial. 
 
In the case of lignin, the solubility value was determined by a different method because of the dark 
brown colour of lignin that makes visual assessment of the solubility difficult. The method used 
involved saturation of the IL with excess lignin at 80°C. The excess lignin was vacuum-filtered, 
washed with ethanol to remove all traces of IL, and the dry weight of lignin recorded, to obtain the 
solubility value of lignin, in each IL. This procedure was repeated in triplicate. 
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Effect of temperature and microwave heating on solubility of a selected food component 
 
A selected class of compounds – carbohydrates (glucose, sucrose, starch and cellulose) was tested 
for solubility in BMIMCl at variable dissolution temperatures (80-140°C) and under microwave 
irradiation to investigate the effect of temperature and microwave heating on solubility. The general 
procedure involved the addition of solute (5 g for glucose and sucrose, 0.5 g for starch and cellulose) 
to BMIMCl (5 g), in a PTFE reaction vessel equipped with a magnetic stirrer. The mixture was heated 
in the Anton Paar reactor for 20 min at 80-140
°
C. The insoluble mass of the solute was then filtered 
off, washed with an appropriate solvent (methanol for glucose and sucrose; water for starch and 
cellulose, 30mlx3) and dried at 105°C for 24 hours. Solubility values were then calculated based on 
the remaining insoluble weight.  
 
3.2.4 Karl Fischer titration  
 
The determination of water content of the IL samples and their respective aqueous solutions (IL:water 
mixtures) was carried out by Karl Fischer titration, which follows the same procedure described in 
Chapter 2. 
 
3.2.5 FTIR measurements 
 
The FTIR spectra were recorded for pure food components, ‘dry’ IL samples, IL:water mixtures with 
different water concentrations (determined by the Karl Fischer method immediately prior to obtaining 
the spectra) and saturated solutions of IL with food components at different water concentrations, 
using a Perkin Elmer Spectrum 100 FTIR spectrometer with a Universal ATR sampling accessory and 
Dynascan™ interferometer. For each spectrum, 100 scans were made with a selected resolution of 8 
cm
-1
 at room temperature.  
 
3.3 Solubility of key food components in ‘dry’ ILs 
 
The solubility of key food components in ‘dry’ ILs are shown in Table 3-2. These components 
represent six classes of food groups, namely, carbohydrates, amino acids, fatty acids, organic acids, 
fats, minerals and others. The primary aim of this investigation is to understand the extent of solubility 
of selected food components in the IL solvents, as a preliminary to the development of extraction 
methodologies using ILs. Simple carbohydrates such as glucose and sucrose are readily soluble in 
most ILs but not in SMIMHSO4 and SPyrHSO4 where these carbohydrates are decomposed into dark 
brown/black solutions. More complex carbohydrates such as cellulose are only sparingly soluble in 
HPyrBr, PMIMBr, BMIMBr, BMIMCl and “CMIMBr” but starch are only soluble in BMIMBr. Amino acids 
are soluble in acidic “CMIMBr” and SPyrHSO4 but not in the other ILs studied. Lactic acid acid and 
glycerol are very soluble in all of the ILs studied with solubility values exceeding 1g/g of IL used. Fatty 
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acids are also very soluble in HPyrBr, PMIMBr, BMIMBr, HMIMBr and BMIMCl, but not in the acidic 
SMIMHSO4, SPyrHSO4 and “CMIMBr” ILs. Lignin is shown to be soluble in the ‘dry’ ILs, PMIMBr, 
BMIMCl and “CMIMBr” whereas quercetin is highly soluble in ‘dry’ HPyrBr, PMIMBr, BMIMBr, HMIMBr, 
BMIMCl and to a lesser extent in ‘dry’ SMIMHSO4, SPyrHSO4 and “CMIMBr”. 
 
3.4 Solubility of key food components in IL-water mixtures 
 
The solubility of food and food-related components is determined in ‘dry’ IL samples and IL samples 
containing varying water concentrations. For extraction of components from food waste, in particular, 
the data on solubilities in ILs containing water are important because food waste themselves are likely 
to contain a substantial amount of water (30-76 wt %) and it would not be economic to dry these 
wastes prior to extraction of the key value components.   
 
The solubility of key food components in ILs with varying water contents is shown in Table 3-3 -Table 
3-6 for amino acids, carbohydrates, fatty acids and other key food components, respectively. Lactic 
acid and glycerol which represent organic acid and fat food classes are completely miscible with all 
ILs at all water concentration studied, whereas polylactic acid and palm oil are insoluble in all ILs at all 
water concentrations. The solubility of amino acids in the ILs SMIMHSO4, SPyrHSO4 and “CMIMBr” at 
mole ratio of IL:water of 1:0.038 and 1:0.996 along with the solubilities in water are in Table 3-7. The 
amino acids are not soluble in any other IL:water mixtures studied. The solubilities in IL:water 
mixtures can be compared with the solubility values of the food components in water at 80°C shown 
in Table 3-7. 
 
The FTIR spectra obtained from saturated solutions of IL and its dissolved food components are 
presented in Appendix D. Comparisons of the spectra of pure IL, pure solute and IL+solute solutions 
were made, and any shifts in absorption bands recorded, as shifts in the position of these absorption 
bands indicate the interaction sites between the component and the IL following dissolution. These 
shifts in absorption bands are discussed in the following sections and the tables recording these shifts 
are provided in Appendix D.  
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Table 3-2 Solubility of key food components in ‘dry’ ILs at 80°C (gg
-1
 of IL used) 
IL HPyrBr PMIMBr BMIMBr HMIMBr BMIMCl SMIMHSO4 SPyrHSO4 ‘CMIMBr’ 
Water content 
(mole ratio) 
0.01 0.038 0.013 0.081 0.04 0.081 0.063 0.038 
Sucrose Insoluble 0.23 
(±0.01) 
0.38 
(±0.01) 
0.4 
(±0.07) 
0.52 
(±0.01) 
decomposed decomposed 1.49 
(±0.09) 
Glucose 0.11 
(±0.02) 
0.38 
(±0.05) 
0.3 
(±0.02) 
0.46 
(±0.01) 
0.35 
(±0.02) 
decomposed decomposed 0.23 
(±0.01) 
Starch Insoluble Insoluble 0.08 
(±0.03) 
Insoluble Insoluble decomposed decomposed Insoluble 
Cellulose 0.024 
(±0.01) 
0.021 
(±0.01) 
0.3 
(±0.07) 
Insoluble 0.21 
(±0.03) 
Insoluble Insoluble 0.012 
(±0.005) 
L-glutamic acid Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 0.044 
(±0.07) 
0.055 
(±0.02) 
Glycine Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 0.038 
(±0.01) 
palmitic acid >1 >1 >1 >1 >1 Insoluble Insoluble Insoluble 
oleic acid >1 >1 >1 >1 >1 Insoluble Insoluble Insoluble 
linoleic acid >1 >1 >1 >1 >1 Insoluble Insoluble Insoluble 
Lignin Insoluble 0.01 
(±0.005) 
Insoluble Insoluble 0.11 
(±0.004) 
Insoluble Insoluble 0.44 
(±0.01) 
Quercetin 0.79 
(±0.1) 
0.87 
(±0.08) 
0.71 
(±0.05) 
0.71 
(±0.08) 
1.39 
(±0.07) 
0.0043 
(±0.003) 
0.079 
(±0.02) 
0.30 
(±0.02) 
lactic acid >1 >1 >1 >1 >1 >1 >1 >1 
PLA Insoluble Insoluble insoluble Insoluble Insoluble Insoluble Insoluble insoluble 
Glycerol >1 >1 >1 >1 >1 >1 >1 >1 
hydroxyapatite insoluble 0.02 
(±0.01) 
0.013 
(±0.008) 
0.12 
(±0.01) 
Insoluble Insoluble Insoluble 0.073 
(±0.02) 
palm oil Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
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Table 3-3 Solubility of amino acids in IL:water mixtures at various water concentrations at 
80°C (gg
-1
 of IL used)
 a 
 
Solubility of glycine 
(g/g) 
IL Mole ratio of water:IL Water 
SMIMHSO4 0.081 0.995  
 
 
 
 
0.54(±0.07) 
 
 
 
 
Insoluble 0.06 (±0.01) 
SPyrHSO4 0.063 0.996 
Insoluble 0.06 (±0.01) 
‘CMIMBr’ 0.038 0.5 
0.038 (±0.01) 0.15 (±0.03) 
Solubility of L-glutamic acid 
(g/g) 
IL Mole ratio of water:IL Water 
SMIMHSO4 0.081 0.995  
 
 
 
 
0.04(±0.01) 
 
 
 
 
 
Insoluble 0.038 (±0.01) 
SPyrHSO4 0.063 0.996 
0.044 (±0.07) 0.065 (±0.02) 
‘CMIMBr’ 0.038 0.5 
0.055 (±0.02) 0.08 (±0.01) 
  
Table 3-4 Solubility of carbohydrates in IL:water mixtures at various water concentrations at 
80°C (gg
-1
 of IL used)  
IL Carbohydrate Mole ratio (water:IL) 
HPyrBr  0.01 0.05 0.14 0.49 1.02 1.93 
Glucose 0.11 
(±0.02) 
0.46 
(±0.09) 
0.61 
(±0.07) 
0.65 
(±0.02) 
0.74 
(±0.02) 
0.81 
(±0.06) 
Sucrose Insoluble Insoluble Insoluble 0.68 
(±0.07) 
0.72 
(±0.1) 
0.86 
(±0.01) 
Starch Insoluble 0.025 
(±0.01) 
0.05 
(±0.01) 
0.06 
(±0.02) 
0.088 
(±0.01) 
Insoluble 
Cellulose 0.024 
(±0.01) 
0.02 
(±0.01) 
0.016 
(±0.01) 
Insoluble Insoluble Insoluble 
PMIMBr  0.038 0.099 0.48 0.94 1.97  
Glucose 0.38 
(±0.05) 
0.41 
(±0.09) 
0.69 
(±0.03) 
0.82 
(±0.1) 
0.83 
(±0.08) 
Sucrose 0.23 
(±0.01) 
0.51 
(±0.03) 
0.52 
(±0.03) 
0.76 
(±0.02) 
1.16 
(±0.2) 
Starch Insoluble 0.035 
(±0.01) 
0.1 
(±0.03) 
0.16 
(±0.02) 
0.18 
(±0.02) 
Cellulose 0.021 
(±0.01) 
0.13 
(±0.01) 
0.21 
(±0.03) 
Insoluble Insoluble 
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IL Carbohydrate Mole ratio (water:IL) 
BMIMBr  0.013 0.028 0.092 0.51 1.00 2.00 
Glucose 0.3 
(±0.02) 
0.44 
(±0.02) 
0.46 
(±0.08) 
0.47 
(±0.01) 
0.59 
(±0.07) 
0.64 
(±0.07) 
Sucrose 0.38 
(±0.01) 
0.44 
(±0.02) 
0.48 
(±0.02) 
0.5 
(±0.06) 
0.53 
(±0.04) 
0.53 
(±0.03) 
Starch 0.08 
(±0.03) 
0.16 
(±0.02) 
Insoluble Insoluble Insoluble Insoluble 
Cellulose 0.3 
(±0.07) 
0.04 
(±0.01) 
Insoluble Insoluble Insoluble Insoluble 
HMIMBr  0.081 0.1 0.36 0.84 1.96  
Glucose 0.46 
(±0.01) 
0.36 
(±0.02) 
0.53 
(±0.01) 
0.72 
(±0.09) 
0.57 
(±0.04) 
Sucrose 0.4 
(±0.07) 
0.45 
(±0.08) 
0.54 
(±0.08) 
0.64 
(±0.07) 
0.77 
(±0.03) 
Starch Insoluble Insoluble insoluble insoluble insoluble 
Cellulose Insoluble insoluble insoluble insoluble insoluble 
BMIMCl  0.04 0.078 0.47 0.93 1.97  
 
 
 
 
 
 
 
 
 
 
 
 
Glucose 0.35 
(±0.02) 
0.5 
(±0.02) 
0.86 
(±0.07) 
1.24 
(±0.1) 
2.04 
(±0.1) 
Sucrose 0.52 
(±0.01) 
0.64 
(±0.03) 
1.04 
(±0.09) 
1.07 
(±0.06) 
1.22 
(±0.07) 
Starch Insoluble Insoluble insoluble insoluble insoluble 
Cellulose 0.21 
(±0.03) 
0.18 
(±0.02) 
0.08 
(±0.01) 
insoluble Insoluble 
 
 
 
 
SMIMHSO4  0.081 0.996  
Glucose Insoluble Insoluble 
Sucrose Insoluble Insoluble 
Starch Insoluble Insoluble 
Cellulose Insoluble Insoluble 
SPyrHSO4  0.063 0.995  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Glucose Insoluble Insoluble 
Sucrose Insoluble Insoluble 
Starch Insoluble Insoluble 
Cellulose Insoluble Insoluble 
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IL Carbohydrate Mole ratio (water:IL) 
“CMIMBr”  0.038 0.5  
Glucose 0.23 
(±0.01) 
>1 
Sucrose 1.49 
(±0.09) 
>1 
Starch Insoluble 0.08 
(±0.01) 
Cellulose 0.012 
(±0.005) 
0.02 (±0.01) 
 
Table 3-5 Solubility of fatty acids in IL:water mixtures at various water concentrations at 80°C 
(gg
-1
 of IL used)  
IL Fatty acids Mole ratio (water:IL) 
HPyrBr 
 0.01 0.05 0.14 0.49 1.02 1.93 
Palmitic acid >1 >1 >1 >1 >1 >1 
Oleic acid >1 >1 >1 >1 >1 >1 
Linoleic acid >1 >1 >1 >1 >1 >1 
PMIMBr 
 0.038 0.099 0.48 0.94 1.97 
 
Palmitic acid >1 >1 >1 >1 Insoluble 
Oleic acid >1 >1 Insoluble Insoluble Insoluble 
Linoleic acid >1 >1 >1 Insoluble Insoluble 
BMIMBr 
 0.013 0.028 0.092 0.51 1.00 2.00 
Palmitic acid >1 >1 >1 >1 >1 (1.66) >1 (1.01) 
Oleic acid >1 >1 >1 >1 >1 (1.07) 
0.98 
(±0.08) 
Linoleic acid >1 >1 >1 >1 >1 (1.14) 
0.78 
(±0.09) 
HMIMBr 
 0.081 0.1 0.36 0.84 1.96 
 
Palmitic acid >1 >1 >1 >1 >1 
Oleic acid >1 >1 >1 >1 >1 
Linoleic acid >1 >1 >1 >1 >1 
BMIMCl 
 0.04 0.078 0.47 0.93 1.97 
 
 
 
 
 
 
 
 
 
Palmitic acid >1 >1 >1 >1 >1 
Oleic acid >1 >1 >1 >1 >1 
Linoleic acid >1 >1 >1 >1 >1 
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SMIMHSO4 
 0.081 0.996  
 
 
 
 
 
 
 
 
 
 
 
 
Palmitic acid Insoluble Insoluble 
Oleic acid Insoluble Insoluble 
Linoleic acid Insoluble Insoluble 
SPyrHSO4 
 0.063 0.995 
 
Palmitic acid Insoluble Insoluble 
Oleic acid Insoluble Insoluble 
Linoleic acid Insoluble Insoluble 
“CMIMBr” 
 0.5 0.038 
 
Palmitic acid Insoluble Insoluble 
Oleic acid Insoluble Insoluble 
Linoleic acid Insoluble Insoluble 
 
Table 3-6 Solubility of other food-related components in IL:water mixtures at various water 
concentrations at 80°C (gg
-1
 of IL used)  
IL Components Mole ratio (water:IL) 
HPyrBr 
 0.01 0.05 0.14 0.49 1.02 1.93 
Lignin Insoluble Insoluble Insoluble Insoluble 
0.29 
(±0.04) 
0.30 
(±0.03) 
Quercetin 
0.79 
(±0.1) 
0.78 
(±0.08) 
0.75 
(±0.06) 
0.69 
(±0.07) 
0.46 
(±0.07) 
0.33 
(±0.08) 
Hydroxyapatite Insoluble insoluble 
0.0095 
(±0.005) 
0.002 
(±0.001) 
Insoluble Insoluble 
PMIMBr 
 0.038 0.099 0.48 0.94 1.97 
 
 
Lignin 
0.01 
(±0.005) 
0.02 
(±0.01) 
0.2 
(±0.05) 
0.31 
(±0.06) 
0.31 
(±0.06) 
Quercetin 
0.87 
(±0.08) 
0.86 
(±0.1) 
0.75 
(±0.07) 
0.74 
(±0.06) 
0.65 
(±0.07) 
Hydroxyapatite 
0.02 
(±0.01) 
0.02 
(±0.01) 
0.019 
(±0.01) 
Insoluble Insoluble 
BMIMBr 
 0.013 0.028 0.092 0.51 1.00 2.00 
Lignin Insoluble Insoluble Insoluble 
0.13 
(±0.02) 
0.14 
(±0.02) 
0.3 
(±0.03) 
Quercetin 
0.71 
(±0.05) 
0.67 
(±0.04) 
0.64 
(±0.05) 
0.62 
(±0.06) 
0.58 
(±0.05) 
0.53 
(±0.08) 
Hydroxyapatite 
0.013 
(±0.01) 
Insoluble Insoluble Insoluble Insoluble Insoluble 
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IL Components Mole ratio (water:IL) 
HMIMBr 
 0.081 0.1 0.36 0.84 1.96 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lignin Insoluble Insoluble Insoluble 
0.14 
(±0.03) 
0.63 
(±0.05) 
Quercetin 
0.71 
(±0.08) 
0.73 
(±0.02) 
0.76 
(±0.03) 
0.84 
(±0.02) 
0.71 
(±0.08) 
Hydroxyapatite 
0.12 
(±0.01) 
0.14 
(±0.01) 
0.3 
(±0.02) 
0.023 
(±0.01) 
0.011 
(±0.01) 
BMIMCl 
 0.04 0.078 0.47 0.93 1.97 
 
Lignin 
0.11 
(±0.04) 
0.44 
(±0.02) 
0.52 
(±0.02) 
0.63 
(±0.03) 
0.86 
(±0.02) 
Quercetin 
1.39 
(±0.09) 
1.22 
(±0.1) 
1.1 
(±0.08) 
1.12 
(±0.09) 
1.13 
(±0.05) 
Hydroxyapatite Insoluble 
0.22 
(±0.02) 
0.11 
(±0.02) 
0.09 
(±0.01) 
Insoluble 
SMIMHSO4 
 0.081 0.996 
 
Lignin Insoluble Insoluble 
Quercetin 
0.0043 
(±0.002) 
Insoluble 
Hydroxyapatite Insoluble Insoluble 
SPyrHSO4 
 0.063 0.995 
 
Lignin Insoluble Insoluble 
Quercetin 
0.079 
(±0.02) 
Insoluble 
Hydroxyapatite Insoluble Insoluble 
“CMIMBr” 
 protoMIM 0.038 0.5 
 
Lignin Soluble 
0.44 
(±0.01) 
0.13 
(±0.01) 
Quercetin Soluble 
0.30 
(±0.02) 
0.86 
(±0.01) 
Hydroxyapatite Soluble 
0.073 
(±0.01) 
0.067 
(±0.001) 
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Table 3-7 Solubility of key food components in water at 80°C (gg
-1
 of water used) 
Solute 
 
Solubility value (g/g) 
 
Sucrose >2 
Glucose >2 
Starch insoluble 
L-glutamic acid 0.04(±0.01) 
Glycine 0.54 (±0.07) 
palmitic acid Insoluble 
oleic acid Insoluble 
linoleic acid Insoluble 
lignin 0.45(±0.04) 
Cellulose Insoluble 
Quercetin Insoluble 
lactic acid Completely miscible 
PLA Insoluble 
Glycerol Completely miscible 
Hydroxyapatite Insoluble 
Palm oil insoluble 
 
3.5 Solubility of key food components in as-prepared ILs 
 
Because it is important to use ILs as prepared in the fractionation and recovery of key food 
components, the solubility measurements were obtained in the as-prepared ILs and in air atmosphere, 
and the results are in Table 3-8. 
 
3.6 The effect of water on the solubility of key organic 
components in ILs 
 
Since the presence of water in ILs and particularly in the as-prepared materials may affect the choice 
of ionic liquid solvent in extraction and recovery applications, it is important to understand influence of 
water on the solvent properties. For this reason the effects of water content on the solubilities of the 
key components in IL:water mixtures are discussed in this section under the headings of the individual 
food component classes. 
 
3.6.1 Effects of water concentrations in IL:water mixtures on 
the solubility of amino acids 
 
The amino acids studied in this work, L-glutamic acid and glycine which are sparingly soluble in the 
acidic ionic liquids “CMIMBr”, SMIMHSO4 and SPyrHSO4 (Table 3-3), are much more soluble in the IL: 
water mixtures.  Both L-glutamic acid and glycine which are insoluble in the other ILs studied (HPyrBr, 
PMIMBr, BMIMBr, HMIMBr and BMIMCl), remain insoluble in IL:water mixtures of these ILs. 
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Table 3-8 Solubility of food components in as-prepared ILs at 80°C (gg
-1
 of IL used) 
Substrate 
Ionic Liquids 
HPyrBr “CMIMBr” Proto-MIMBr PMIMBr BMIMBr HMIMBr BMIMCl SPyrHSO4 SMIMHSO4 
Carbohydrates 
Glucose 0.44 (±0.1) >1 soluble 0.70 (±0.06) 0.65 (±0.09) 0.56 (±0.01) 0.66 (±0.07) insoluble Insoluble 
Sucrose insoluble >1 soluble 0.72 (±0.03) 0.61 (±0.04) >1 0.49 (±0.01) insoluble Insoluble 
Starch insoluble 0.1 (±0.027) soluble 0.13 (±0.02) 0.14 (±0.02) 0.07(±0.018) insoluble insoluble Insoluble 
Cellulose 0.08 (±0.01) 0.03 (±0.01) soluble 0.02 (±0.02) 0.02 (±0.01) 0.03 (±0.008) 0.02 (±0.01) insoluble Insoluble 
Amino acids 
L-glutamic acid insoluble 0.09 (±0.02) soluble insoluble insoluble insoluble insoluble 0.54 (±0.08) 0.10 (±0.01) 
Glycine insoluble 0.1(±0.03) soluble insoluble insoluble insoluble insoluble 0.25 ((±0.02) Insoluble 
Fatty acids 
Palmitic acid >1 Insoluble insoluble insoluble insoluble >1 >1 insoluble Insoluble 
Oleic acid >1 Insoluble insoluble insoluble insoluble >1 >1 insoluble Insoluble 
Linoleic acid >1 Insoluble insoluble insoluble >1 >1 >1 insoluble Insoluble 
Organic acids 
Lactic acid >1 >1 soluble >1 >1 >1 >1 >1 >1 
Fat related 
Glycerol >1 Insoluble soluble >1 >1 >1 >1 >1 >1 
Bone constituents 
Hydroxyapatite 0.07(±0.01) 0.06 (±0.001) soluble insoluble 0.02(±0.004) 0.02(±0.01) insoluble 0.013(±0.01) 0.03 (±0.007) 
Others 
Lignin Insoluble 0.1 (±0.01) soluble 0.06 (±0.01) insoluble 0.03 (±0.01) 0.09 (±0.01) insoluble Insoluble 
Polylactic acid Insoluble Insoluble insoluble insoluble insoluble insoluble insoluble insoluble Insoluble 
Quercetin 0.81(±0.03) 0.90 (±0.01) soluble 0.84 (±0.02) 0.91 (±0.01) 0.80 (±0.04) >1 insoluble Insoluble 
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It appears that the solubility of amino acids in ionic liquids is pH-dependent (99-101, 103). The pKa  
values of carboxylic groups of glycine and L-glutamic acid  are 2.35 and 2.23 respectively (174).  
These amino acids dissolve in acidic ILs such as SMIMHSO4 and SPyrHSO4, which have pH values 
of about 1, where the amino acids will dissolve in their cationic forms. In the ILs, HPyrBr, PMIMBr, 
BMIMBr, HMIMBr and BMIMCl, which have pH values of 6-7, no interaction can occur between the 
ionic liquid and the amino acid to form a charged species that can dissolve (103).  In “CMIMBr” which 
has a pH of 3-4 the solubility of the amino acids presumably depends on the formation of a zwitterion. 
 
The addition of water increases the solubility of amino acids in the acidic ILs (Table 3-3) and is due to 
the loosening of the electrostatic interaction between cation and anion as water forms hydrogen 
bonding with the IL. This enhances the ionic mobility and ions available to interact with the charged 
amino acid species (101).  
 
The analysis of the FTIR spectra of IL-glycine and IL-L-glutamic acid solutions of SMIMHSO4 and 
SPyrHSO4 is consistent with these suggestions. For the IL-glycine solutions, an additional peak is 
observed at 1749 cm
-1
 (Figure 3-2) which is not present in the reference solid glycine and reference IL 
sample. This peak is attributed to the neutral –COOH group (undissociated carboxylic acid group) in 
the cationic form of glycine when the positive ammonium form of glycine is predominant at pH <pKa. 
 
 
Figure 3-2 FTIR spectra of SMIMHSO4+glycine (red) and SPyrHSO4+glycine (blue) solutions in 
comparison to the reference glycine (black). The appearance of an additional peak at 1749 cm
-1
 
in the IL+glycine solutions indicates the presence of COOH group. 
 
The absorption bands of S=O and S-O stretches show some shifts which indicate that glycine 
interacts with the sulfonic acid group on the alkyl side chain of SMIMHSO4 (Table 3-9). The FTIR 
spectrum of SPyrHSO4+glycine shows similar shifts. The slight blue shift of the aromatic C-H stretch 
at the H(2) of the imidazolium ring indicates a weakening of the interaction between the IL cation and 
IL anion as a result of the increased interaction between IL anion and the cationic form of glycine.    
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The FTIR of SMIMHSO4 and SPyrHSO4 with L-glutamic acid reveals the same interaction mechanism. 
The shifts in the aromatic and aliphatic CH stretching region (2800-3100cm
-1
) are only observed in the 
FTIR of SPyrHSO4+L-glutamic acid samples highlighting the preferential interaction between L-
glutamic acid and the pyridinium cation which results in the higher solubility values than in SMIMHSO4 
(Table 3-3).  
 
The interactions between the amino acids and “CMIMBr” appear to be different. The “CMIMBr”:water 
mixture with an IL:water mole ratio of 1:0.038 has a pH of 4, and at this pH glycine is likely to exist in 
its zwitterionic form, in which both the -COO
-
 and -NH3
+
 groups  will be  present although at this pH 
the –COOH group will predominate because the pH is below the isoelectric point of glycine (pI 6.1). 
The FTIR spectrum of “CMIMBr” (1:0.038M)+glycine shows a different trend in absorption band 
shifting (Table 3-9). Blue shifts in aromatic C-H bands can be observed in both functional group and 
fingerprint region, with an exception of the aromatic C(2)H stretching band which shows a red shift. 
This indicates that the interaction of “CMIMBr” and glycine at this water content may involve a 
different type of mechanism, where glycine interacts with “CMIMBr” mainly at the cation through its 
anionic species (–COO
-
). It is possible that the –COO
-
 group of glycine interacts with the proton at 
C(2)H and causes red shift in this particular absorption band. This statement is further supported by 
the shifts in absorption band region 1400-1500 cm
-1
 corresponding to the interaction at the –COO
-
 
species, and the weak undissociated –COOH absorption band at 1749 cm
-1
 which indicates the less 
abundance of –COOH species at this pH (Figure 3-3). It is possible that the interaction of cationic 
species of glycine (–NH3) with the IL anion also takes place but such interaction is not observed in the 
FTIR spectrum studied.    
 
Figure 3-3 FTIR spectrum of “CMIMBr”+glycine (black) solutions at IL:water mole ratio of 
1:0.038 in comparison to the reference glycine (red). The weak band at 1749 cm
-1 
shows that 
the less abundant COOH species in glycine solution. 
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At higher water content, the FTIR spectrum of “CMIMBr”+glycine shows a significant broadening and 
blue shifts in the region 3150-2600 cm
-1
 which correspond to the NH3 group on glycine and the 
imidazolium ring of the IL (Table 3-9). Other shifts include the blue shifts of aromatic C-H bands in the 
fingerprint region which can be attributed to the weakening of the electrostatic interaction between the 
cation and anion of the IL as the cationic glycine species (NH3
+
) interacts with the IL anion. The O-H 
stretching band of water is also blue shifted to higher frequency indicating that glycine also interacts 
with the dissolved water molecules present in the IL.  
 
L-glutamic acid exists in the zwitterionic form in “CMIMBr” (pH 3-4) where NH3
+
, COO- and COOH 
species are all present. The FTIR spectra of “CMIMBr”+L-glutamic acid solutions also show that both 
COOH and COO
-
 absorption bands are visible at ca.1730, 1580 and 1400 cm
-1
 (Table 3-10). The NH3 
absorption band, which would be at ~3100 cm
-1
 is not visible due to the overlapping bands of aromatic 
C-H stretches of the IL. The shifts and significant broadening in peak of the IL absorption bands occur 
at both aliphatic and aromatic C-H stretches indicating that the interaction is not exclusively at the 
C(2)H ring protons. Instead, the interaction occurs throughout the entire molecule of the IL. The blue 
shifts in COO
-
 absorption bands can be observed in both “CMIMBr” samples, indicating the interaction 
of IL at the COO
-
 group of L-glutamic acid. Similarly, the blue shift in the NH3 stretching region (~3100 
cm
-1
) indicates another interaction. The C=O stretching band of the COOH group remains almost 
unchanged indicating the minimal interaction at the COOH group. It is most likely that COO
- 
group 
interacts with the cation while the NH3
+
 group interacts with the anion and the increased solubility of L-
glutamic acid in “CMIMBr” may be explained by i) the increase in available charged species for 
interaction in amino acid molecules (COO
-
 and NH3
+
) and ii) the favourable interaction between the 
hydrophilic charged species (COO
-
) of L-glutamic acid with the hydrophilic “CMIMBr”. 
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Table 3-9 Shifts in FTIR absorption bands of IL+glycine solutions 
IL 
Mole ratio 
of 
water:IL 
FTIR absorption bands 
(cm
-1
) 
IL/solute assignment 
Original 
band 
IL+solute 
SMIMHSO4 0.995 
3111 3113 IL Aromatic C-H(2) 
- 1749 Glycine COOH 
1233 1224 IL Ring C-H 
1165 1163 IL S=O stretch 
1028 1026 IL S=O stretch 
900 858 IL S-O 
SPyrHSO4 0.996 
2938 2935 IL Aliphatic C-H 
- 1749 Glycine COOH 
1154 1172 IL S=O stretch 
1023 1035 IL S=O stretch 
875 916 IL S-O 
769 777 IL Ring C-H 
“CMIMBr” 0.038 
3116 3131 IL Aromatic HC(4)H(5) 
3084 3086 IL Aromatic HC(4)H(5) 
3047 3044 IL Aromatic C-H(2) 
2945 2943 IL Aliphatic C-H 
2835 2836 IL Aliphatic C-H 
- 1748 (weak) Glycine COOH 
1643 1682 Glycine NH3 bending 
1620 1616 IL Ring C=C 
1576 1578 
IL and 
glycine 
Ring C=C of IL and COO- 
stretch of glycine 
1542 1546 IL Ring C=C 
1423 1431 
IL and 
glycine 
C-CH2 bending of IL and 
COO- stretch of glycine 
1131 1134 IL Ring C-H 
1074 1077 IL Ring C-H 
883 892 IL COO
-
stretch 
“CMIMBr” 0.5 
3405 3417 IL (water) OH stretch of water 
3154-2599 
3155-2165 
(broadened) 
IL and 
glycine 
Aromatic CH(2) and NH3 
- 1747 Glycine COOH 
1081 1084 IL Ring C-H 
808 814 IL Ring C-H 
754 760 IL Ring C-H 
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Table 3-10 Shifts in FTIR absorption bands of IL+L-glutamic acid solutions 
IL 
Mole ratio 
of water:IL 
FTIR absorption bands 
(cm
-1
) 
IL/solute assignment 
Original 
band 
IL+solute 
SMIMHSO4 0.995 
1730 1735 L-glutamic acid COOH 
1233 1224 IL Ring C-H 
1165 1160 IL S=O 
900 871 IL S-O 
SPyrHSO4 
0.063 
3136 3134 IL aromatic C-H 
2938 2936 IL aliphatic C-H 
2874 2873 IL aliphatic C-H 
1730 1737 L-glutamic acid COOH 
1235 1233 IL C-H ring 
1154 1158 IL S=O 
1023 1023 IL S=O 
875 903 IL S-O 
769 776 IL C-H ring 
0.996 
2931 2938 IL aliphatic C-H 
2873 2876 IL aliphatic C-H 
1730 1733 L-glutamic acid COOH 
1583 1585 IL C=C ring 
1226 1218 IL C-H ring 
1168 1131 IL S=O 
1024 1035 IL S=O 
874 859 IL S-O 
775 771 IL C-H ring 
“CMIMBr” 
0.038 
3116 3135 
IL and L-glutamic 
acid 
Aromatic 
HC(4)H(5)and NH3 
3084 3088 IL Aromatic CH(2) 
3047 3032 IL Aromatic CH(2) 
2945 2944 IL C-H aliphatic 
2917 2912 IL C-H aliphatic 
2835 2837 IL C-H aliphatic 
2803 2812 IL C-H aliphatic 
- 1722 L-glutamic acid COOH 
1570  1579 L-glutamic acid COO- 
1400  1423 L-glutamic acid COO- 
0.5 
3137 3148 
IL and L-glutamic 
acid 
Aromatic 
HC(4)H(5)and NH3 
3087 3101 
IL and L-glutamic 
acid 
Aromatic 
HC(4)H(5)and NH3 
3036 3059 IL Aromatic CH(2) 
2945 2958 IL C-H aliphatic 
2810 2854 IL C-H aliphatic 
- 1728 L-glutamic acid COOH 
1570  1581 L-glutamic acid COO- 
1400  1418 L-glutamic acid COO- 
 
3.6.2 Effects of water concentrations in IL:water mixtures on 
the solubility of carbohydrates in ILs 
 
The solubilities of carbohydrates in ILs and IL:water mixtures are summarised in Table 3-4, and the 
effects of the water contents on their solubilities illustrated in Figure 3-4 (a)-(d). Carbohydrates tested 
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for solubility were glucose, sucrose, starch and cellulose which represent monosaccharide, 
disaccharide and polysaccharides, respectively. 
 
None of the carbohydrates dissolved in either the acidic ILs SPyrHSO4 and SMIMHSO4 or the 
IL:water mixtures containing these ILs in the concentration range studied. Instead, decomposition of 
glucose and sucrose was observed in these ILs as indicated by the brown/black mixtures. 
 
Sucrose and glucose are soluble in all imidazolium halide-ILs whilst starch and cellulose have limited 
solubility in these ILs. HPyrBr also dissolved glucose readily and cellulose to a lesser extent but not 
sucrose and starch. The extent of solubility of carbohydrates in ILs appears to be influenced by the 
degree of polymerization of the solute molecules, with simple molecules such as glucose dissolving in 
almost all ILs in high concentrations whereas the more complex and crystalline molecules such as 
cellulose and starch are either insoluble or partially soluble. This may be explained by the greater 
number of glycosidic bonds that link the glucose units within cellulose and starch molecules; these 
bonds require disruption before solubility can occur, hence, the more complex the molecule, the lower 
the solubility. 
 
The presence of water in ILs can act as either a co-solvent or an anti-solvent for the solubilities of 
carbohydrates. For both glucose and sucrose, water acts as a co-solvent and the increase in water 
concentration results in enhanced solubilities (Figure 3-4 (a)-(b)). This is expected as both glucose 
and sucrose are highly soluble in water (Table 3-7). Sucrose is initially insoluble in ‘dry’ HPyrBr but as 
the IL:water mole ratio reaches 1:0.49 or greater, dissolution can be achieved. The ability of BMIMCl 
to dissolve glucose is significantly enhanced by the presence of water, with solubility values 
exceeding 1g/g as IL:water mole ratio reaches 1:0.93. 
 
Sucrose is more soluble than glucose in BMIMCl when the IL:water mole ratio is less than 1:0.47. 
This may indicate an affinity of Cl
-
 anion with the sucrose molecules, possibly at the glycosidic bonds 
or the fructosyl subunits which are absent in the glucose molecules. The higher number of free 
hydroxyl groups may also contribute to a stronger interaction between the Cl
-
 anion and the sucrose 
molecule.  
 
Starch is insoluble in most ‘dry’ IL samples (Figure 3-4 (c)), and has only limited solubility in ‘dry’ 
BMIMBr (0.008 g/g). The solubility of starch in ILs is enhanced as water concentrations increase in 
the case of the ILs HPyrBr, and BMIMBr up to IL:water mole ratios of 1:1 and 1:0.028,  respectively 
for HPyrBr and BMIMBr after which the solubility decreases until the starch becomes insoluble. In 
PMIMBr:water solutions the solubility increases until  it reaches a plateau at a mole ratio of 1:0.94 – 
no change in solubility was then found up to a mole ratio of 1:2. Starch is insoluble in HMIMBr and 
BMIMCl at 80
o
C at all water concentrations studied  forming  an opaque mixture  of dispersed starch 
particles In order to obtain a clear solution of starch and BMIMCl, a temperature of 100°C has to be 
maintained for  1 hr but under these conditions  degradation of starch occurs (175). 
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(a) 
 
(b) 
 
 
 
(c) 
 
(d) 
 
Figure 3-4 Effects of water concentrations on the solubility of carbohydrates in ILs: (a) glucose; (b) sucrose; (c) starch; and (d) cellulose 
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The presence of water is shown to adversely affect the solubility of cellulose in HPyrBr, BMIMBr, 
BMIMCl and “CMIMBr” (Figure 3-4 (d)). This is probably due to the formation of competitive hydrogen 
bonding between water and cellulose microfibrils (110). Interestingly, the solubility of cellulose in 
PMIMBr is initially enhanced with the increase in water concentrations up to a IL:water mole ratio of 
1:0.48.  A further increase in the water concentration leads to a liquid in which the cellulose is 
insoluble.  
 
Cellulose is not soluble in HMIMBr, SMIMHSO4 and SPyrHSO4 at all water concentrations studied.  
 
The FTIR spectra of all IL:glucose and IL:sucrose solutions are in Appendix D and show that the 
interaction between the IL and glucose occurs mainly at the hydroxyl group and the C-O of the 
pyranose ring of the glucose molecule, and at hydroxyl group and the glycosidic linkage of the 
sucrose molecule. The OH stretching band of dissolved water in the region 3300-3400 cm
-1
 shows red 
shifts which indicate the weakening of the hydrogen bonding network within the water molecules, as 
water interacts with glucose and sucrose as co-solvents. 
 
3.6.3 Effects of water concentrations in IL:water mixtures on 
the solubility of organic acids in ILs 
 
Lactic acid is highly soluble in all ILs at all water concentrations studied with solubility values 
exceeding 1 g/g of IL used. The analysis of FTIR spectra of IL:lactic acid shows that lactic acid 
dissolved in the ILs exist in its undissociated form and not in its deprotonated form (lactate) which is 
normally encountered in aqueous solutions. The undissociated form of lactic aicd is distinguished by 
the presence of the C=O stretching band of the COOH group at 1730 cm
-1
, which can be observed in 
all IL:lactic acid solutions. The shifts in lactic acid absorption bands can be observed at the O-H 
stretching, C=O stretching, C-O bending and OH bending bands, suggesting that the interaction 
occurs at the COOH and the hydroxyl group on the lactic acid. The IL absorption band shows shifts 
mainly in the aromatic C-H stretching region, and to a lesser extent in the aliphatic C-H stretching 
region, which suggest that the interaction mainly occurs at the cation ring. The OH stretching band of 
water dissolved in IL is also red shifted, indicating that water molecules interact with lactic acid. The 
interaction between the IL anion and lactic acid however cannot be determined from the FTIR spectra 
but it is likely that the IL anion interacts at the COOH group of lactic acid. Varying in water 
concentrations did not result in different shifting patterns. The shifts in absorption bands of IL+lactic 
acid solutions are provided in Appendix D. 
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3.6.4 Effects of water concentrations in IL:water mixtures on 
the solubility of fatty acids in ILs 
 
All three types of fatty acid studied are highly soluble in HPyrBr, HMIMBr and BMIMCl with solubility 
values exceeding 1g/g of IL used (Table 3-5). Increasing the water concentration up to a IL:water 
mole ratio of 1:2 does not decrease their solubility in these three ILs although none of the fatty acids 
is soluble in water, indicating the high stability of the fatty acid solutions in these ionic liquids. 
 
The solubilities of the fatty acids in PMIMBr and BMIMBr are, however, more dependent on water 
concentrations, where addition of water impairs the solubility.  
 
All fatty acids tested are soluble in PMIMBr with IL:water content of up to 1:0.1 mole ratio, but become 
insoluble when the IL:water mole ratio exceeds 1:0.5 mole ratio (for oleic acid), 1:1 mole ratio (for 
linoleic acid), and  1:2 mole ratio (for palmitic acid). 
 
The solubility of fatty acids are typically high (>1 g/g) in samples of BMIMBr (with water content of up 
to 1:0.5 mole ratio), and increases slightly up to a mole ratio of 1:1 above which the solubility 
decreases slightly up  to a mole ratio of 2. Even with such high water content, the BMIMBr:water 
mixtures still act as a solvent for fatty acids with solubility values ranging from 0.78-1 g/g (Table 3-5).  
 
All of the fatty acids are insoluble in SMIMHSO4, SPyrHSO4 and “CMIMBr” at all water concentrations 
studied. 
 
The FTIR spectra (Appendix D) of palmitic acid in HPyrBr, HMIMBr and BMIMCl; oleic and linoleic 
acids in PMIMBr and BMIMBr  show shifts in the absorption bands of the COOH groups, suggesting 
that these groups are the sites on the acid reacting with the ionic liquid.  Other shifts in the fatty acid 
spectra relating to C-H shifts are reflections of these interactions at the COOH groups. 
 
The original OH stretching band of dissolved water in IL:water mixtures is absent in all IL:fatty acid 
solutions with low water concentrations and appear in reduced intensity at higher water 
concentrations (>1 mole ratio of water). Figure 3-5 shows an example of the FTIR spectra of 
BMIMCl:fatty acid solutions with reduced intensity in the OH stretching band in comparison with the 
reference spectrum of BMIMCl:water mixture. This observation is common in all of the IL fatty acid 
solutions studied.        
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Figure 3-5 FTIR spectra of BMIMCl+fatty acid solutions: BMIMCl+palmitic acid (blue), 
BMIMCl+oleic acid (green) and BMIMCl+linoleic acid (black) in comparison to the reference 
BMIMCl:water mixtures at IL:water mole ratio of 1:1.97 
 
3.6.5 Effects of water concentrations in IL:water mixtures on 
the solubility of fats in ILs 
 
Glycerol is completely miscible with all of the ILs used in this study, with solubility values exceeding 1 
g/g of IL, with water, and with all water concentrations studied. Glycerol is also miscible with water. 
The high solubility of glycerol in the ILs may be attributed to the presence of hydroxyl groups on the 
molecules which strongly interact with the IL.  
 
Palm oil, however, which is a class of triglyceride (esters of glycerol) is insoluble in all ILs studied at 
all water concentrations, showing  that the removal of OH groups from glycerol forming long chain 
fatty acids decrease solubility in ILs as well as in water. 
 
The shifts in FTIR absorption bands of glycerol dissolved in ILs are mainly at the O-H stretching, C-O 
stretching and CH2-OH bands at 3288, 1033 and 922 cm
-1
, indicating that the interaction occurs 
mainly at the hydroxyl groups of glycerol (Appendix D). Shifts in the vibrational spectra of the IL 
suggest that the interaction sites on the ILs are at the aromatic ring protons in PMIMBr, BMIMBr, 
HMIMBr, HPyrBr and “CMIMBr”.  
 
For SMIMHSO4 and SPyrHSO4, shifts in the S=O stretching bands are observed in glycerol solutions 
in these ILs indicating that the interactions between solvent and solute occurs at the SO3H functional 
group on the alkyl side chain. Shifts observed in the C-H stretches of the IL are consistent with this 
observation. 
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The OH stretching band of dissolved water in all of the ILs studied show red shifts indicating that 
water molecules also interact with the glycerol, resulting in the weakening of the hydrogen bonding 
networks in the systems. 
 
3.6.6 Effects of water concentrations in IL:water mixtures on 
the solubility of other food-related materials in ILs 
 
Lignin: The solubilities of lignin as a function of water concentrations in various IL:water mixtures is 
shown in Figure 3-6 (a). In ‘dry’ ILs, lignin is only soluble in BMIMCl, PMIMBr and “CMIMBr”, whilst in 
HPyBr, HMIMBr and BMIMBr, lignin does not initially dissolve but becomes soluble as the water 
concentration increases. The presence of water generally promotes lignin solubilisation in these ILs 
and this has also been observed in BMIMCl by Brandt et al. (125). It is surprising that SMIMHSO4 and 
SPyrHSO4 do not dissolve lignin as previous reports in the literature suggest that an IL with [HSO4]
-
 
anion shows superior properties in solubilising lignin over Cl
-
 anion (176). It is possible that the 
presence of proton-donating sulfonic acid functional groups in these ILs inhibit the activity of the anion 
by reducing its hydrogen bond accepting properties and the overall ability of the ILs to interact with 
the hydroxyl groups of lignin molecules.  
 
The FTIR analysis of lignin solutions in BMIMBr and HMIMBr and HPyrBr show that the main in the 
lignin absorption band is at the C-O stretching and not at the OH stretching band of lignin which 
shows that the primary interaction occurs at the C-O group rather than the OH group on the lignin 
molecules. The shifts in absorption band of BMIMCl:lignin solutions are observed in both C-O group 
and OH group regions. The OH stretching band of dissolved water in ILs also shows some shifts 
along with other IL absorption bands at all water concentrations which indicate that the dissolved 
water interacts with lignin as a co-solvent, in agreement with the increasing solubility with higher water 
concentrations in these ILs. The shifts in the FTIR of lignin in “CMIMBr”, in addition to the shifts at the 
C-O stretching band, show shifts in the OH and the C-O-C bands perhaps indicating the presence of 
additional solvent-solute interactions that could account for increased solubility in dry “CMIMBr” 
(Table 3-6).  
 
Hydroxyapatite: Hydroxyapatite shows limited solubility in HPyrBr, PMIMBr and BMIMBr (Figure 3-6 
(b)), and the addition of water results in a reduction in the solubility. The solubility of hydroxyapatite in 
BMIMCl and HMIMBr is interesting as the presence of water at low concentrations (up to 1:0.36 
IL:water mole ratio) increases the solubility, but  as the water content exceeds 1:0.36 mol ratio for 
HMIMBr and 1:0.078 mol ratio for BMMICl, the solubility is drops rapidly. The presence of water in 
“CMIMBr” within the concentration range studied does not significantly affect the solubility of 
hydroxyapatite. Hydroxyapatite is insoluble in both SMIMHSO4 or SPyrHSO4 at all IL:water 
concentrations. 
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    (a) 
 
    (b) 
 
    (c) 
 
Figure 3-6 Effects of water concentrations on the solubility of: (a) lignin; (b) hydroxyapatite; and (c) quercetin, in ILs 
CHAPTER 3         Pajaree Kewcharoenwong 
 
150 
Quercetin: Quercetin is highly soluble in HPyrBr, PMIMBr, BMIMBr, HMIMBr and BMIMCl with 
solubility values ranging from 0.70-1.40g/g of IL. The solubility of quercetin is especially high in 
BMIMCl where the solubility value where it exceeds 1g/g in its ‘dry’ form. The effect of water on the 
solubility of quercetin for HPyrBr, PMIMBr, BMIMBr and BMIMCl is to decrease the amount dissolved. 
This is expected as quercetin is not soluble in water. The solubility of quercetin in HMIMBr is however 
not affected by the presence of water in the IL:water mixture within the concentration range studied.  
Quercetin has a limited solubility (0.079g/g) in the SPyrHSO4:water mixture with IL:water mole ratio of 
1:0.063 but when the water content is increased to 1:1 mole ratio, quercetin is insoluble in the mixture. 
Interestingly, the solubility of quercetin in “CMIMBr” is enhanced with an increase in IL:water content 
to a mole ratio of 1:0.5. 
 
The shifts in absorption bands of IL:quercetin solutions occur at the OH phenolic, the C-O-C ether 
linkage and the C=O bands on quercetin (red shifts), and the aromatic C-H stretches on the IL 
suggesting interactions between the OH and/or C-O in quercetin with the ILs (PMIMBr, BMIMBr, 
HMIMBr, BMIMCl, “CMIMBr” and HPyrBr). For SMIMHSO4 and SPyrHSO4, the band shifts are at the 
S=O stretching bands of the SO3H functional group of the IL and at the aromatic C-H stretches 
consistent with interactions between the SO3H functional group of the IL and quercetin. 
 
Polylactic acid: In contrast to the high solubility of lactic acid in all the ILs studied, polylactic acid (a 
polymer of lactic acid), is not soluble in any of the ILs at any water concentrations.  This can be 
attributed to the reduction in the activity of the functional groups of lactic acid on formation of the 
polymer.  
 
3.7 The solubility of key organic components in as-prepared 
ILs 
 
The as-prepared ILs used in this work contained water resulting from the rapid synthesis methods 
used in their preparation. The solubilities of the key organic components in the as-prepared ILs are 
discussed in this section under the headings of the individual key food components. The solubilities of 
the key components in as-prepared ILs are similar to some extent to those obtained in IL:water 
mixtures. 
 
3.7.1 Solubility of amino acids in as-prepared ILs 
 
The amino acid glycine is soluble in as-prepared “CMIMBr” and SPyrHSO4 whilst L-glutamic acid is 
soluble in all three as-prepared acidic ILs (“CMIMBr”’, SPyrHSO4 and SMIMHSO4). 
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3.7.2 Solubility of carbohydrates in as-prepared ILs 
 
Carbohydrates (sucrose, glucose, cellulose and starch) are soluble, in the as-prepared imidazolium-
based ILs (“CMIMBr”, PMIMBr, BMIMBr, and HMIMBr). Comparison of the solubilities of the 
carbohydrates (sucrose and glucose) in the alkylimidazolium ILs, shows that the solubility is greatest 
for “CMIMBr” and decreases in the order “CMIMBr” > PMIMBr > BMIMBr > HMIMBr. Starch is 
insoluble in BMIMCl but the other carbohydrates (sucrose, glucose and cellulose) studied are soluble.    
 
As-prepared HPyrBr dissolves only glucose and cellulose but not sucrose and starch. Moreover, there 
is evidence from the formation of dark brown/black mixtures in the glucose:IL and sucrose:IL with the 
as-prepared ILs SPyrHSO4 and SMIMHSO4 that these carbohydrates decompose rather dissolve in 
these acidic ILs 
3.7.3 Solubility of organic acids in as-prepared ILs 
 
Lactic acid is highly soluble in all the as-prepared ILs studied, with all solubility values recorded 
being >1 g/g of IL.  
 
3.7.4 Solubility of fatty acids in as-prepared ILs 
 
All of the fatty acids studied are soluble in as-prepared HPyrBr, HMIMBr and BMIMCl. Linoleic acid is 
also soluble in BMIMBr. Palmitic and oleic acid are not soluble in BMIMBr and none of the fatty acids 
are soluble in PMIMBr which can be attributed to the effects of water, in as-prepared PMIMBr as 
discussed Section 3.6.4. For all the solubilities recorded the fatty acids are soluble to greater than 1 
g/g of IL, and the results suggest that the length of the alkyl side chain and chloride anion influences 
the solubility and tolerance towards the presence of water.  
 
3.7.5 Solubility of fats in as-prepared ILs 
 
Solubility of glycerol in ILs is high with solubility values of >1g/g of IL, however, glycerol is not soluble 
in “CMIMBr” 
 
3.7.6 Solubility of other food-related materials in as-prepared 
ILs 
 
Hydroxyapatite: Although the mineral, hydroxyapatite, is soluble in a number of the as-prepared ILs 
studied, its solubility is low.  
 
Lignin: Lignin is soluble in as-preapred “CMIMBr”, PMIMBr, HMIMBr and BMIMCl.   
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Quercetin: Quercetin is highly soluble in as-prepared HPyrBr, “CMIMBr”, PMIMBr, BMIMBr, HMIMBr 
and BMIMCl with solubility values ranging from 0.80-1g/g of IL. In the case of the Brønsted acidic ILs, 
SPyrHSO4 and SMIMHSO4, the dark brown/black mixtures obtained from quercetin:SMIMHSO4 or 
quercetin:SPyrHSO4 suggest decomposition of quercetin rather than dissolution. 
 
Polylactic acid: PLA did not dissolve in any of the as-prepared ILs although its precursor, lactic acid, 
was highly soluble.  
  
3.7.7 Effects of temperature on solubility of food components 
in ILs 
 
To test the effect of temperature and microwave heating on solubility of individual components in ILs 
the carbohydrate class was selected for study as representative of components that exhibited a 
variation in the complexity of the common glucose units. The study was trialled using BMIMCl with 
each component - glucose, sucrose, starch and cellulose - over a temperature range of 80°C -140°C. 
 
The results in Figure 3-7 and Table 3-11 present the changes in solubility with temperature for each 
carbohydrate in BMIMCl. With the exception of glucose, higher solubilities are achieved at 80
o
C using 
the Anton Paar method when compared those values obtained using conventional heating (Table 3-8). 
Increasing the temperature above 80°C up to 140°C leads to an increase in solubility of each of the 
carbohydrates in BMIMCl (Figure 3-7) but there is evidence, in each case, of the onset of 
decomposition, as indicated by the dark brown/black solutions (Table 3-11). The stability of the 
carbohydrate component with temperature correlates with the complexity of the “glucose-based” unit, 
with stability of cellulose at higher temperature being attributed to its rigid “glucose-based” structure 
compared with the less stable simple structure of glucose.  
 
Figure 3-7 Effect of temperature on solubility of carbohydrates in BMIMCl  
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Table 3-11 Effect of temperature on solubility of carbohydrates in BMIMCl showing the onset 
of decomposition 
Carbohydrates 
Solubility at various temperature 
(g/g of BMIMCl) 
80°C 100°C 120°C 140°C 
Glucose 
0.56 1 1* 1* 
 
Sucrose 
1 1 1 1* 
 
Starch 
0.02 0.03 0.09 0.1* 
 
Cellulose 
0.03 0.05 0.1 0.1* 
 
* Decomposed solute in BMIMCl 
 
3.8 FTIR data and the nature of IL-water interactions 
 
The results described in the previous sections show that the presence of water in ILs has an effect on 
the solubilities that may be beneficial in extraction and fractionation processes such as those 
discussed in Chapter 4. In order to determine the effect of water on the solvation behaviour of ILs, 
there is a need to understand the impacts of water on the ILs alone. 
 
FTIR spectroscopy has been shown to be a valuable tool in providing information on the molecular 
states and interactions of water dissolved within ILs (177-182). Changes in the C-H stretching and O-
H stretching vibration bands in the IR spectra reflect the environment of IL and water molecules. By 
observing shifts in these absorption bands as a function of water concentrations, information on the 
interactions between IL and water molecules can be derived. 
 
Seddon and co-workers (74) demonstrated that the anion is the primary factor in determining water 
miscibility in ILs  and  the cation has the secondary effect. They also indicated that, in the IL rich 
region (mole fraction of IL>0.5), the water exists in a special state, linked to the IL, with perturbation of 
the hydrogen bonds in water. In the water-rich region, the water is ‘free’ and not hydrogen-bonded to 
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the IL. Since then, a number of studies have reported the interaction of water and ILs, using various 
analytical methods such as FTIR (177, 178, 181), NMR (183), X-ray diffraction (184) and  
computational simulations (185-187).   
 
Hallett and Welton (188) have summarised these investigations in their recent review. At low water 
concentrations, water interacts mainly with the anion by forming a symmetric 1:2 H-bonded complex 
anion…HOH…anion. For anions with higher basicity and thus higher hydrogen bond acceptor ability, 
dissolved water appears in associated liquid-like aggregates similar to water droplets (177). At higher 
concentrations of water, hydrogen bonding between imidazolium ring protons and oxygen on the 
water molecules (at the oxygen atom) is evident (182, 183, 189). Such interaction can change the 
conformation of the alkyl chain on the IL and the orientation of the cation ring (184, 190). Interaction 
between water and IL loosens the tight electrostatic interaction between the IL cation and anion, 
consequently breaking down the supramolecular 3D-structure of IL into clusters (181, 183). Self-
association of water molecules leads to formation of clusters and a percolating network of water 
molecules (181) which further breaks down the small IL clusters into ion pairs. Cyclic dimers and 
dimeric chains of hydrogen bonded anion and water molecules can also be observed as well as 
hydrogen bonding between water and imidazolium protons (184) at higher water concentrations. 
Eventually, the ion pairs dissociate into free hydrated ions in aqueous solution (181, 191). 
 
3.8.1 Impacts of water concentrations on the FTIR absorption 
bands of HPyrBr, PMIMBr, BMIMBr, HMIMBr and BMIMCl 
 
The ILs described in this study are completely miscible with water at all concentrations. FTIR spectra 
of IL samples with incremental water content, from <0.1-2 mole ratio of water:IL, were recorded for 
HPyrBr, PMIMBr, BMIMBr, HMIMBr and BMIMCl. Full sets of the spectra and tables summarising the 
shifts in absorption bands are provided in Appendix E. The shifts in FTIR absorption bands in the 
following regions are discussed below, under the headings: i) O-H stretching region; ii) aromatic C-H 
stretching region and; iii) aliphatic C-H stretching region. 
 
3.8.1.1 O-H stretching band region 
 
Addition of water to all of the ILs studied in this work led to the appearance of a characteristic broad 
band at ~3400 cm
-1
. No other additional bands were observed for the IL:water mixtures studied in the 
concentration range of water investigated in this work. The OH stretching region is sensitive to any 
changes in molecular environment such as those leading to the formation of H-bonding and or 
organisation of water molecules into clusters and networks. The appearance of the broad band 
indicates that the water molecules present in ILs are in associated aggregates or clusters, similar to  
those in  liquid water, and is explained by  the strong interaction of water molecules with basic anions 
in the ILs (177). The presence of the symmetric complex: anion…HOH…anion is unlikely because 
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this would generate two distinct peaks at around 3500-3600 cm
-1
, corresponding to symmetric and 
asymmetric OH stretching bands in free water (177). The absence of anion…HOH…anion is expected 
and is in accordance with quantum chemistry calculations showing prediction of geometries and 
interaction between water and imidazolium halide ILs (186) 
 
Generally, with increasing water concentrations, the O-H stretching band red shifts to lower 
wavenumbers (Figure 3-8). For example, the maxima of the O-H bands shift to lower frequencies from 
3434cm
-1
 to 3395 cm
-1
 when the molar ratio of IL:water increases from 1:0.04 to 1:1.97 in the case of 
PMIMBr (Figure 3-9). This same trend is also observed in other ILs as reflected in Figure 3-8. Shifting 
of O-H stretching bands to lower wavenumbers indicates a stronger hydrogen bond between water 
molecules and the IL, which leads to disruption of the hydrogen bonding network within water (189). 
The same trend was also reported for other ILs (178, 181, 182, 189). The band becomes broader and 
unresolved as the water content increases.  
 
 
Figure 3-8 Position of O-H stretching band of water in various ILs as a function of water 
concentrations 
 
 
Figure 3-9 FTIR spectra of PMIMBr with increasing water content show red shifts of O-H 
stretching bands of water. IL: water mole ratio = 1:0.04 (red), 1:0.1 (pink), 1:0.46 (yellow), 1:0.94 
(green), 1:1.97 (blue) 
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The position of O-H stretching band of water in BMIMCl is slightly lower in frequency than other 
bromide salts studied (Figure 3-8), indicating the stronger interaction between water and chloride 
anion which leads to increased weakening of the hydrogen bonding network in water molecules.  
 
The O-H stretching band in HPyrBr does not show as large a shift as  the other imidazolium-based ILs, 
which indicates a  weaker interaction between pyridinium cation and water  This trend is in agreement  
with the relative cation-anion interaction strengths proposed by Freire et al. (192). 
 
3.8.1.2 C-H stretching band region  
 
3.8.1.2.1 Aromatic C-H stretching bands 
 
The shift in the aromatic and aliphatic C-H stretches on the HPyrBr pyridinium cation ring shows 
minimal change, but does show some broadening and the disappearance of some of the bands, 
notably those at 3054, 3023 and 2007 cm
-1
 into poorly resolved bands with increasing concentrations 
of water (Figure 3-10). The negligible shifts in the bands indicate that there is very little interaction 
between ring protons and water molecules. The broadening is likely to be a result of interaction 
between the bromide anion and water molecules affecting the overall electrostatic interaction between 
the cation and the anion.  
 
 
Figure 3-10 FTIR spectra of HPyrBr in the C-H stretching region. Broadening of the C-H 
stretching absorption bands for both aromatic ring (pyridinium) and aliphatic alky chain of the 
cation is evident as water concentration increases. IL:water mole ratio =1:0.01(red), 1:0.05 
(black), 1:0.14 (yellow), 1:0.5 (blue), 1:1.02 (green) and 1:1.93 (light blue).  
 
The aromatic HC(4)C(5)H and C(2)H stretching bands of PMIMBr and HMIMBr show blue shifts to 
higher wavenumbers as the concentration of water increases (Figure 3-11). The blue shifts of the 
absorption bands indicate the weakening of the electrostatic interaction between cation and anion (C-
CHAPTER 3         Pajaree Kewcharoenwong 
 
157 
H···X) as a result of hydrogen bond formation between water-cation (C-H···O) and water-anion (181, 
182). The interaction between water and cation or anion reduces the electron density and increases 
the distance at C-H···X, which loosens the cohesion of the ion pairs (181). This is in agreement with 
the earlier findings by Zhang et al (181) and Mele et al (183), that water molecules loosen the tight 
structure between cation and anion which cause them to break up into IL clusters at higher water 
concentrations. PMIMBr and HMIMBr most likely exist in clusters as indicated by the blue shifts of 
their aromatic C-H stretching absorption bands. According to the vibrational calculation shown by 
Zhang et al (181), network structure of ionic clusters show higher frequencies than that of ionic pair of 
IL. 
 
The magnitude of shifts for C(2)H bands of PMIMBr and HMIMBr (~20cm
-1
) are noticeably higher than 
that of HC(4)C(5)H band (7-8cm
-1
), which is explained by the stronger hydrogen bonding between 
water and C-H(2) than with HC(4)C(5)H (182). Quantum chemistry calculations by Wang et al (186) 
also show that the electron-withdrawing N atoms adjacent to the acidic C−H(2) makes the C−H(2)···O 
interaction stronger. Additionally, because the interaction between C-H(2) protons and anion is 
stronger than at the HC(4)C(5)H protons (186, 193), hydrogen bonding formation between the anion 
and water which affects the C-H···X interaction will causes a  more blue shift in the C-H(2) absorption 
band. 
 
The magnitude of the shifts in HC(4)C(5)H and C(2)H stretching bands indicate that the anion remain 
the primary site of interaction with water molecules, and to a lesser extent with the imidazolium ring 
protons.   
 
Figure 3-11 Shifts in absorption bands of (a) of C(2)H stretching and; (b) HC(4)C(5)H stretching 
of various ILs as a function of water concentrations  
 
Different shifts in the aromatic HC(4)C(5)H and C(2)H absorption bands are observed in BMIMBr and 
BMIMCl. While the HC(4)C(5)H absorption bands show blue shifts as water concentration increases, 
the C(2)H absorption bands show red shifts, up to an IL:water mole ratio of 1:0.5 and 1:0.93 for 
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BMIMBr and BMIMCl, respectively (Figure 3-11). This is indicative of the breaking down of IL clusters 
into predominantly ion pairs. This is in accordance with the vibrational calculations made by Zhang et 
al (181) where ionic clusters would show C(2)H absorption band at higher frequencies than the 
corresponding ionic pair. The red shift of C(2)H band occurred at the IL:water mole ratio of 1:0.04 and 
1:0.092 for BMIMCl and BMIMBr, respectively, which can indicate the concentrations of water at 
which these ILs begin to break down into ion pairs. The magnitude of the C(2)H band red shifts for 
both BMIMCl and BMIMBr is in the range of 11-18cm
-1
, which suggests that the ion pairs are not 
dissociated. The completely dissociated ion would show a red shift of magnitude ~50 cm
-1
 (181). The 
blue shifts in the C(2)H bands at IL:water mole ratio exceeding 1:0.5 and 1:0.93 for BMIMBr and 
BMIMCl (Figure 3-11) may be attributed to the increased interaction between water and the ion pair 
as water concentration increases. 
 
The rationale explaining the breaking down of IL clusters into ion pairs occurs at lower water 
concentrations for BMIMBr and BMIMCl is not clear but is likely to be due to the conformational 
change of the alkyl side chain and the imidazolium head group as these ILs interact with water (183, 
184). 
 
3.8.1.2.2 Aliphatic C-H stretching bands 
 
The aliphatic C-H stretching bands at 2800-3000 cm
-1
, correspond to the terminal methyl (CH3) 
groups and alkyl (CH2) chains on the cation. Generally, the shifts in this region are very small (1-2 cm
-1
), 
for example in HPyrBr, PMIMBr and HMIMBr (Figure 3-12), which may suggest that the interactions 
between water molecules and the alkyl chain and terminal methyl group are minimal. A noticeable 
broadening of these bands, however, is observed in all cases as the water content increases as 
illustrated in Figure 3-10 for HPyrBr. 
 
As for BMIMBr and BMIMCl, the C-H stretch of CH2 absorption bands show red shifts (Figure 3-12 (a)) 
while the C-H stretch of CH2 absorption bands show a slight blue shift (BMIMBr) or remain unchanged 
(BMIMCl) (Figure 3-12 (b)). This may indicate an interaction between water molecules and the alkyl 
chain, (189) or the formation of cation-water complexes (186) at higher water concentrations. Such 
interaction with water can lead to a conformational change of the alkyl side chain and the imidazolium 
headgroup (183, 184) and may explain the red shifts in CH3 absorption band and the C(2)H band 
shifts in BMIMBr and BMIMCl.  
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Figure 3-12 Shifts in absorption bands of aliphatic C-H stretches of (a) terminal CH3 group; and 
(b) alkyl side chain CH2 group of various ILs as a function of water concentrations 
 
3.8.2 Impacts of water concentrations on the FTIR absorption 
bands of SMIMHSO4 and SPyrHSO4  
 
For SMIMHSO4 and SPyrHSO4, FTIR spectra were recorded at two water concentrations: 1:0.081 
and 1:1 mole ratio of IL:water for SMIMHSO4, and 1:0.063 and 1:1 mole ratio of IL:water for 
SPyrHSO4. These spectra are in Appendix E. The broad peaks corresponding to the O-H stretching 
band in the region of ~3400 cm
-1
 in all three ILs indicates the presence of water molecules in 
aggregates.  
 
In the C-H stretching region of the spectra for both SMIMHSO4 and SPyrHSO4, the aliphatic C-H 
stretching bands show a considerable blue shift (7-20cm
-1
) while the aromatic C-H stretches are 
almost negligible. This is indicative of the interaction between the cation and water molecules occurs 
mainly at the alkyl side chain containing the -SO3H functional group, and is further confirmed by the 
S=O and S-O stretching bands at about 1160, 1025 and 800 cm
-1
. The observed shifts in the S=O 
stretching bands upon addition of water and the broadening of the S-O stretching bands suggests that 
the water molecules interact at the SO3H group and possibly form water aggregates around the 
adjacent methylene groups. 
 
3.9 Summary 
 
In this Chapter the use of as-prepared ILs has been investigated as solvents for key organic 
components from organic waste streams and particularly food waste streams. The solubility of food 
and food-related components is determined in ‘dry’ IL samples; IL:water mixtures containing varying 
water concentrations; and as-prepared ILs; and characterised using FTIR spectroscopy. These key 
components represent six classes of food groups, namely, carbohydrates, amino acids, fatty acids, 
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organic acids, fats, minerals and other key components. The primary aim of the studies carried out in 
this chapter is to understand the extent of solubility of selected food components in the IL solvents, as 
a preliminary to the development of extraction methodologies using ILs, in the recovery of key 
components from food wastes. For extraction of components from food waste, in particular, the data 
on solubilities in ILs containing water are important because (i) food waste themselves are likely to 
contain a substantial amount of water (30-76 wt %), and (ii) ILs can absorb substantial amounts of 
water from the atmosphere, and (iii) it would not be economic to dry the wastes or the ILs prior to 
extraction of the key value components.   
 
In most ‘dry’ ILs, simple carbohydrates such as glucose and sucrose are readily soluble but they are 
not soluble in SMIMHSO4 and SPyrHSO4 where these carbohydrates are decomposed into dark 
brown/black mixtures. More complex carbohydrates such as cellulose are only sparingly soluble in 
HPyrBr, PMIMBr, BMIMBr, BMIMCl and “CMIMBr” but starch are only soluble in BMIMBr. Amino acids 
are soluble in acidic “CMIMBr” and SPyrHSO4 but not in the other ILs studied. Lactic acid acid and 
glycerol are very soluble in all of the ILs studied with solubility values exceeding 1g/g of IL used. Fatty 
acids are also very soluble in HPyrBr, PMIMBr, BMIMBr, HMIMBr and BMIMCl, but not in the acidic 
SMIMHSO4, SPyrHSO4 and “CMIMBr” ILs. Lignin is shown to be soluble in the ‘dry’ ILs, PMIMBr, 
BMIMCl and “CMIMBr” whereas quercetin is highly soluble in ‘dry’ HPyrBr, PMIMBr, BMIMBr, HMIMBr, 
BMIMCl and to a lesser extent in ‘dry’ SMIMHSO4, SPyrHSO4 and “CMIMBr”. 
 
The results from the IL:water mixture studies show that the presence of water does affect the 
solubilities of key components in ILs, either as a co-solvent or an anti-solvent. Water acts as a co-
solvent that increases the solubility of glucose, sucrose and lignin in HPyrBr, PMIMBr, BMIMBr, 
HMIMBr and “CMIMBr” and of the amino acids (glycine and L-glutamic acid) in SMIMHSO4, 
SPyrHSO4 and “CMIMBr”. Lactic acid and glycerol which are highly soluble in ‘dry’ ILs retain their high 
solubility in all IL:water mixtures. Water can also act as an anti-solvent that inhibits solubility, for 
example, of cellulose in HPyrBr, PMIMBr, BMIMBr, BMIMCl and “CMIMBr”, and quercetin in most ILs 
but not in HMIMBr and “CMIMBr”. The solubilities of hydroxyapatite in IL:water mixtures, and of starch 
in HPyrBr:water and BMIMBr:water mixtures are generally reduced with the addition of water although 
in some ILs (HPyrBr, HMIMBr and BMIMCl), there is a slight increase in solubility  at lower water 
concentrations before a reduced solubility at higher water concentrations. The high solubilities of fatty 
acids in HPyrBr, BMIMCl and HMIMBr are not affected by the presence of water over the range of 
water concentrations studied but their solubilities in PMIMBr:water and BMIMBr:water mixtures are 
reduced as the water concentration is increased.  
 
The FTIR data of IL:water mixtures suggests that the water present in all the ILs in this study exists in 
aggregates, suggesting that  the IL:water mixtures studied can be regarded as completely miscible 
solvents. 
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The solubility profiles of key food components in as-prepared ILs that contain water because of the 
use of rapid synthesis methods, are shown to be similar to those found for IL:water mixtures. 
 
The variation in solubility of individual components of a selected class of compounds wtih temperature 
in the range 80-140
o
C was tested in a single ionic liquid, BMIMCl, using controlled microwave heating 
to achieve the desired temperatures. Although a temperature of 80
o
C would normally be chosen for 
the extraction studies such as those described in Chapter 4, for economic reasons, the solubilities do 
vary with temperature and, for example, the solubility of cellulose in BMIMCl increases from 0.03 g/g 
of IL at 80°C to 0.1 g/g of IL at 120°C. 
 
In general the as-prepared ILs, HMIMBr and BMIMCl, dissolved most of the classes of food 
components studied with the Brønsted ILs, SPyrHSO4 and SMIMHSO4, showing limited capacity to 
solubilise food and food-related components. From the solubility testing of six classes of food and 
food-related materials, in a range of as-prepared ILs, the following ionic liquids demonstrated 
selective solubility with: 
 
 HPyrBr dissolving fatty acids but not sucrose and starch, which are the main carbohydrates 
found in food; 
 “CMIMBr” dissolving all carbohydrates but not glycerol and fatty acids;and  
 HMIMBr dissolving all food components apart from those in the amino acid class.  
 
It is this selective solubility property that forms the basis of the extraction trials, described in Chapter 4, 
in which the capability of ILs to solubilise and extract key value components is described in 
experiments designed to either (i) selectively extract the key component into the IL phase or (ii) 
extract all of the components into the IL phase, other than the key component, leaving the key value 
component available for separation.   
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CHAPTER 4                                               
EXTRACTION OF ORGANIC COMPONENTS USING 
AS-PREPARED IONIC LIQUIDS 
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4.1 Introduction 
 
The solubility profiles described in Chapter 3 show that ILs have the potential to be used as solvents 
in the fractionation and recovery of key components in food and food-related materials. An important 
aspect of this potential is that as-prepared ILs can be used advantageously for this purpose in 
particular. The selective solubility property of ILs demonstrated in Chapter 3 forms the basis of the 
research described in the remainder of this thesis, where the extent of extraction capability of ILs is 
trialled, from simple fractionation to full recovery of separated components, by extracting either the 
key value component into the IL phase and leaving the residual within the “waste”, or extracting the 
non-targeted material into the IL leaving the key value component available for separation. 
 
In this Chapter the recovery of: (i) pure components from single component systems; (ii) pure 
components from simulated mixed component systems; and (iii) components from a real food system, 
using as-prepared ILs is investigated. 
 
4.2 Recovery of a pure component from a single component 
system 
 
Following the solubility testing of pure components in each IL, a methodology was developed to 
recover the pure component from the IL solution. The extraction trial was run for each of the four 
classes of components, namely carbohydrates, amino acids and fatty acids and lignin. 
 
4.2.1 Methodology 
 
A generic methodology was adopted to recover the pure component from the IL. The first step in the 
methodology was to choose an organic solvent which selectively dissolved either the IL or pure 
component (solute) but not both. The solubility of pure components, and separately the ILs, was 
tested in common organic solvents at room temperature using the procedure described in Section 
3.2.3 at room temperature and the results recorded in Table 4-1 and Table 4-2, respectively.  
 
From these data, a series of solvent selection matrices for extraction of food components was 
compiled. Table 4-3 sets out, by way of example, the solvent selection matrix for the extraction of the 
three classes of components – carbohydrates (sucrose), amino acids (glycine) and fatty acids 
(palmitic acid), respectively.   
 
The methodology and conditions used for recovery of each component and each IL are set out in 
Table 4-4. FTIR spectroscopy was used to analyse the recovered component, and, separately, to 
ascertain the extent of recovery of the IL. In some cases, thin layer chromatography was used as an 
additional means of comparing the purity of the recovered IL. 
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Table 4-1 Solubility of food components in organic solvents at room temperature 
a
 
a
 based on 5 ml of solvent and 10 mg of solute with stirring for 20 min 
 
 
 
 
 
 
 
 
 
 
 
 
Solvent 
Food components 
Glucose Sucrose Cellulose Lignin 
L-glutamic 
acid 
Glycine 
Palmitic 
acid 
Oleic acid 
Linoleic 
acid 
Water soluble soluble insoluble soluble insoluble soluble insoluble insoluble insoluble 
2-butanone insoluble insoluble insoluble insoluble insoluble insoluble soluble soluble soluble 
Acetone insoluble insoluble insoluble insoluble insoluble insoluble soluble soluble soluble 
Chloroform insoluble insoluble insoluble insoluble insoluble insoluble soluble soluble soluble 
Dichloromethane insoluble insoluble insoluble insoluble insoluble insoluble soluble soluble soluble 
Diethyl ether insoluble insoluble insoluble insoluble insoluble insoluble soluble soluble soluble 
Ethanol insoluble insoluble insoluble insoluble insoluble insoluble soluble soluble soluble 
Ethyl acetate insoluble insoluble insoluble insoluble insoluble insoluble soluble soluble soluble 
Methanol soluble insoluble insoluble insoluble insoluble insoluble soluble soluble soluble 
Petroleum ether insoluble insoluble insoluble insoluble insoluble insoluble soluble soluble soluble 
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Table 4-2 Solubility of ILs in organic solvents at room temperature 
a
 
a
 based on 5 ml of solvent and 10 mg of solute with stirring for 20 min 
 
 
 
 
 
 
 
 
 
 
 
 
Solvent 
IL 
HPyrBr “CMIMBr” PMIMBr BMIMBr HMIMBr BMIMCl SPyrHSO4 SMIMHSO4 
Water soluble soluble soluble soluble soluble soluble soluble soluble 
2-butanone soluble insoluble insoluble insoluble soluble insoluble insoluble insoluble 
Acetone soluble insoluble soluble soluble soluble insoluble insoluble insoluble 
Chloroform soluble insoluble soluble soluble soluble soluble insoluble insoluble 
Dichloromethane soluble insoluble soluble insoluble insoluble soluble insoluble insoluble 
Diethyl ether insoluble insoluble insoluble insoluble insoluble insoluble insoluble insoluble 
Ethanol soluble soluble soluble soluble soluble soluble soluble soluble 
Ethyl acetate insoluble insoluble insoluble insoluble insoluble insoluble insoluble Insoluble 
Methanol soluble soluble soluble soluble soluble soluble soluble soluble 
Petroleum ether insoluble insoluble insoluble insoluble insoluble insoluble insoluble insoluble 
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Table 4-3 Solvent selection matrix for extraction of carbohydrate, amino acid and fatty acid 
Component Class Carbohydrate Amino Acid Fatty Acid 
 
Organic solvent 
 
“CMIMBr” 
 
Sucrose 
Use for 
extraction 
 
“CMIMBr” 
 
Glycine 
Use for 
extraction 
 
HPyrBr 
Palmitic 
Acid 
Use for 
extraction 
Water soluble soluble No soluble soluble No soluble insoluble Yes 
2-butanone insoluble insoluble No insoluble insoluble No soluble soluble No 
Acetone insoluble insoluble No insoluble insoluble No soluble soluble No 
Chloroform insoluble insoluble No insoluble insoluble No soluble soluble No 
Dichloromethane insoluble insoluble No insoluble insoluble No soluble soluble No 
Diethyl ether insoluble insoluble No insoluble insoluble No insoluble soluble Yes 
Ethanol soluble insoluble Yes soluble insoluble Yes soluble soluble No 
Ethyl acetate insoluble insoluble No insoluble insoluble No insoluble soluble Yes 
Methanol soluble insoluble Yes soluble insoluble Yes soluble soluble No 
Petroleum ether insoluble insoluble No insoluble insoluble No insoluble soluble Yes 
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Table 4-4 Conditions for recovery of single components and ILs 
Component IL tested a 
Extracting 
solvent 
Recovery process b 
Carbohydrates 
Sucrose 
“CMIMBr” 
PMIMBr 
BMIMBr 
HMIMBr 
BMIMCl 
Methanol 
 Methanol (50 ml) was added to a saturated solution of IL+sucrose (5 g) in a pre-scratched conical 
flask. 
 The solution was stirred for 1 hr and stored at 4°C for 24 hr. 
 The sucrose precipitate was collected by vacuum filtration using a PTFE membrane filter with a 
pore size of 0.45μm. 
 The IL was recovered using a rotary evaporator to remove methanol. 
Cellulose 
“CMIMBr” 
PMIMBr 
BMIMCl 
Water 
 Water (50 ml) was added to a saturated solution of IL+cellulose (5 g) in a conical flask. 
 The solution was stirred for 1 hr and stored at 4°C for 24 hr. 
 The cellulose precipitate was collected by vacuum filtration using a cellulose nitrate membrane filter 
with a pore size of 0.45μm. 
 The IL was recovered using a rotary evaporator to remove water. 
Amino acids 
Glycine “CMIMBr” Ethanol  Ethanol (50 ml) was added to a saturated solution of IL+ amino acid (5 g) in a conical flask. 
 The solution was stirred for 1 hr and precipitated amino acid collected by vacuum filtration. 
 The IL was recovered using a rotary evaporator to remove ethanol. 
L-Glutamic acid “CMIMBr” Ethanol 
Fatty acids 
Palmitic acid 
HPyrBr 
HMIMBr 
BMIMCl 
Water 
 Water (50 ml) was added to a saturated solution of IL+ palmitic acid (5 g) in a conical flask. 
 The solution was stirred for 1 hr and precipitated palmitic acid collected by vacuum filtration. 
 The IL was recovered using a rotary evaporator to remove water. 
Oleic acid 
HPyrBr 
HMIMBr 
BMIMCl 
Water 
 Water (50 ml) was added to a saturated solution of IL+ oleic or linoleic acid (5 g) in a separatory 
funnel where the mixture was allowed to settle out into layers. 
 The bottom layer containing IL+ water was removed and the remaining supernatant was washed 
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Component IL tested a 
Extracting 
solvent 
Recovery process b 
Linoleic acid 
HPyrBr 
HMIMBr 
BMIMCl 
Water 
several times with water (30mlx3). 
 The final fatty acid + residual water was dried in the rotary evaporator. 
 The IL was recovered using a rotary evaporator, followed by washing with ethyl acetate to remove 
the residual fatty acid, and dried in vacuo. 
Others 
Lignin 
“CMIMBr” 
PMIMBr 
BMIMCl 
Ethanol 
 Ethanol (50 ml) was added to a saturated solution of IL+lignin (5 g) in conical flask. 
 The solution was stirred for 1 hr and precipitated lignin collected by vacuum filtration. 
 The lignin precipitate was collected by vacuum filtration using a PTFE membrane filter with a pore 
size of 0.45μm. 
 The IL was recovered using a rotary evaporator to remove ethanol. 
a
 ILs were tested for extractability individually. 
a
 IL+solute solutions were obtained at 80°C by conventional heating and stirring. 
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4.2.2 Results and discussion for a single component system  
 
Four classes of food and food-related components were back-extracted from the IL solution using the 
solvents selected according to the methodology set out in Table 4-4. Extraction trials were run for: i) 
amino acids (glycine and L-glutamic acid); ii) carbohydrates (sucrose and cellulose); iii) fatty acids 
(palmitic, oleic and linoleic acid) and; vi) lignin. FTIR spectra of extracted components and recovered 
ILs were shown to confirm the extraction and the recovery of ILs. In some cases, TLC of recovered of 
ILs was carried out to identify any remaining solute in the ILs.  
 
4.2.2.1 Extraction of amino acids 
 
Extraction of amino acids was carried out in “CMIMBr” for glycine and L-glutamic acid because both 
‘dry’ and hydrated forms of “CMIMBr” dissolved both amino acids. 
 
Glycine was recovered from a saturated solution of IL+glycine by the addition of ethanol.  A white 
precipitate was collected by vacuum filtration, washed repeatedly with aliquots of ethanol, with the 
residual ethanol being removed in vacuo to leave a white glycine powder in a good yield (84%), which 
was analysed by FTIR. The spectrum was found to be in an excellent agreement with that of the 
reference pure glycine (Figure 4-1). The peaks at 3400 and 3180 cm
-1
 are attributed to the NH 
asymmetric stretching vibrations, with the broad peak at around 3000 cm
-1 
being assigned to the CH2 
stretching. The NH……O bond shows a peak at 2600 cm
-1
, whilst the peaks at 1598 and 1404 cm
-1 
are due to COO- stretching which are characteristic bands with strong intensities for zwitterionic 
nature of amino acids.  A peak at 1500 cm
-1 
corresponds to NH3
+
 symmetric bending. C-C stretching 
causes vibrations at 1320, 924 and 897 cm
-1
. The peaks with weak intensities at 1140 and 1020 cm
-1 
are due to C-N stretching, whilst the strong signal peaks at 690 and 600 cm
-1 
are due to COO
-
 
bending vibration.  
 
“CMIMBr” was recovered in excellent yield (95%) and its FTIR spectrum is in good agreement with 
that of pure “CMIMBr” spectrum, confirming the recovery of “CMIMBr” (Figure 4-2). 
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Figure 4-1 FTIR spectra of recovered glycine using “CMIMBr” (green) compared to pure 
reference glycine (red). Analysis conditions: solid in KBr disc with 100 scans and a resolution 
of 8 cm
-1
 at room temperature 
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000 500
tr
a
n
s
m
it
ta
n
c
e
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
Recovered CMIMBr from glycine extraction
CMIMBr 
 
Figure 4-2 FTIR spectra of recovered “CMIMBr” (green) after glycine extraction compared to 
pure “CMIMBr” (red). Analysis conditions: neat liquid using NaCl discs with 100 scans and a 
resolution of 8 cm
-1
 at room temperature 
 
L-glutamic acid was recovered from “CMIMBr” using ethanol as the extracting solvent. The resulting 
white L-glutamic acid precipitate was fractionated by vacuum filtration, washed with ethanol, dried and 
analysed by FTIR spectroscopy.  
 
L-glutamic acid was fractionated from “CMIMBr” in good yield (80%). The FTIR spectrum of 
regenerated L-glutamic acid (Figure 4-3) is in good agreement with the reference spectrum for pure L-
glutamic acid. The peak at wavenumber 3429 cm
-1
 is due to the OH stretch vibration, at 3050 cm
-1
 
corresponds to the NH asymmetric stretch vibration and at 2950 cm
-1
 is due to CH stretch bond. The 
COO
-
 group on L-glutamic acid has strong absorption at 1680 and 700 cm
-1
. The C=C group produces 
a peak at 1620 cm
-1
, the peak at 1520 cm
-1
 is assigned to the N-H group and the peaks for CH2 
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appear at 1465 and 1369 cm
-1
. The CN stretch vibration is observed at wavenumbers 1130 and 1050 
cm
-1
, whilst a peak at 980 cm
-1
 corresponds to the C-O bond, a strong peak at 858 cm
-1
 is due to C-C-
N vibration and a peak at 550 cm
-1
 is due to C-C vibration.  
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Figure 4-3 FTIR spectra of regenerated L-glutamic acid using “CMIMBr” (green) compared to 
pure reference L-glutamic acid (red). Analysis conditions: solid in KBr disc with 100 scans and 
a resolution of 8 cm
-1
 at room temperature. 
 
4.2.2.2 Extraction of carbohydrates 
 
Sucrose and cellulose were selected to investigate extraction of carbohydrate food components.  
 
Sucrose extraction was carried out in “CMIMBr”, PMIMBr, BMIMBr, HMIMBr and BMIMCl using 
methanol as extracting solvent since methanol dissolved ILs but not sucrose. These ILs dissolve 
sucrose in both their ‘dry’ and hydrated forms. 
 
The colour of the saturated solutions of individual PMIMBr, BMIMBr and BMIMCl with sucrose 
remained the same colour as that of the original IL with a noticeable increase in viscosity, whilst 
“CMIMBr” and HMIMBr produced dark brown solutions when saturated with sucrose.  
 
Upon addition of methanol separately with stirring to the PMIMBr, BMIMBr and BMIMCl solutions in a 
pre-scratched flask, a white precipitate was produced immediately and crystallised further on the 
scratched surface following refrigeration at 4°C for 24 h. With “CMIMBr” and HMIMBr, there was a 
delay in the formation of the white precipitate on addition of methanol and a small amount of sucrose 
crystals formed after refrigeration at 4°C for 24h. After filtration, the precipitate was washed with 
methanol and dried in the rotary evaporator to remove methanol. 
   
Figure 4-4 shows the FTIR spectra of the recovered sucrose from each IL. The spectra are in good 
agreement with the reference spectrum for pure sucrose, showing that sucrose has been successfully 
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recovered from each of the five ILs used. The peaks at 900-1000 cm
-1
 represent CH2 out of plane 
group and at wavenumbers 1000-1200 cm
-1
, correspond to the C-O stretch and C-O-C groups. The 
peak at 1465 cm
-1
 represents CH2 bend and at 2900 cm
-1
 represents CH alkane stretch group. A 
broad peak in the region of 3200-3600 cm
-1
 represents the OH groups.    
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Figure 4-4 FTIR spectra of extracted sucrose using HMIMBr (red), “CMIMBr” (purple), BMIMCl 
(light blue), BMIMBr (blue) and PMIMBr (green) compared with pure reference sucrose (black). 
Analysis conditions: solid in KBr disc with 100 scans and a resolution of 8 cm
-1
 at room 
temperature 
 
Extracted sucrose from PMIMBr, BMIMBr and BMIMCl was obtained in yields in the order PMIMBr 
(79%) > BMIMBr (60%) > BMIMCl (49%), with the highest yield of extracted sucrose from PMIMBr, 
where the alkyl side chain is the shortest. BMIMBr, with the longer alkyl chain, extracted a greater 
percentage of sucrose compared with its chloride analogue suggesting that the anion has an effect on 
extraction, whereby the hydrogen bonding between the OH group on sucrose and Cl
-
 anion may be 
stronger than that of the Br
-
 anion.  
 
Extraction of sucrose from “CMIMBr” and HMIMBr was not as effective as from the other ILs with very 
low yields of regenerated sucrose of less than 8% in the case of HMIMBr and close to zero in the 
case of “CMIMBr”. This may be linked to the high solubility values observed for sucrose of >1g/1g of 
IL with “CMIMBr” and HMIMBr which suggests that the interaction between sucrose molecules and 
ILs formed during dissolution are strong and cannot be disrupted easily by the addition of solvent. 
Moreover, the dark brown colour of the solutions with “CMIMBr” and HMIMBr may suggest the 
degradation of sucrose in these ILs.  
 
The FTIR spectra of the recovered ILs following sucrose recovery are presented in Appendix F. 
Illustrated below is a spectrum comparing the recovered PMIMBr following extraction of sucrose with 
that of the pure IL (Figure 4-5), which shows some traces of sucrose still present in the recovered IL. 
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Figure 4-5 FTIR spectra of recovered PMIMBr (green) after sucrose extraction compared with 
pure reference PMIMBr (red). Analysis conditions: neat liquid using NaCl disc with 100 scans 
and a resolution of 8 cm
-1
 at room temperature 
 
This is typical of all the recovered ILs where they show a broader peak at wavenumbers 3100-3600 
cm
-1
, characteristic of the OH groups of sucrose. An additional peak at wavenumber 1050 cm
-1
, 
however, represents the C-O-C anti-asymmetric stretch bond on sucrose molecules, the presence of 
which arises because there is no suitable solvent that selectively dissolves the sucrose and not the IL 
for purification. The recovered ILs however can be reused in subsequent sucrose recovery processes.  
 
In summary, extraction of sucrose can be carried out in PMIMBr, BMIMBr and BMIMCl with 
reasonable yields, whilst “CMIMBr” and HMIMBr, which dissolve high concentrations of sucrose, 
however, cannot be used in the recovery of sucrose.   
 
Cellulose was recovered from saturated solutions of cellulose in “CMIMBr”, PMIMBr and BMIMCl, in 
excellent yield (98-99%), with the addition of water (110, 194). 
 
The FTIR spectra recorded for each of the recovered cellulose samples (Figure 4-6) are in excellent 
agreement with the reference spectrum of cellulose, thus confirming the successful recovery of 
cellulose from each of the three ILs used. The recovered cellulose spectra showed all the relevant 
bond vibrations present in cellulose. The OH group appears as a strong broad absorption at 
wavenumbers 3500-3200 cm
-1
, with the CH group represented by a peak at 2900 cm
-1
, the CH2 bend 
at 1465 cm
-1
 and the C-O and C-O-C bond vibrations being observed at wavenumbers between 1150 
and 1000 cm
-1
. 
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Figure 4-6 FTIR spectra of extracted cellulose using “CMIMBr” (light blue), BMIMCl (blue) and 
PMIMbr (green) compared to pure reference cellulose (red). Analysis conditions: solid in KBr 
disc with 100 scans and a resolution of 8 cm
-1
 at room temperature 
 
The FTIR spectra for the recovered ILs were recorded and the spectrum of recovered PMIMBr, after 
cellulose recovery (Figure 4-7), was found to be in good agreement with pure PMIMBr, confirming the 
recovery of the IL with no residual cellulose. The FTIR spectra for other recovered ILs also showed 
good agreement with their respective pure ILs and are presented in Appendix F. TLC analysis of the 
recovered ILs showed Rf values to be similar to those of the pure ILs (Table 4-5).  
 
Both regenerated cellulose and recovered ILs were obtained in high yields and there was no 
significant difference among the three ILs used. 
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Figure 4-7 FTIR spectrum of recovered PMIMBr after cellulose extraction (green) compared 
with pure PMIMBr (red). Analysis conditions: neat liquid in NaCl discs with 100 scans and a 
resolution of 8 cm
-1
 at room temperature 
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Table 4-5 Rf values from TLC analysis of pure ILs compared to recovered ILs after cellulose 
extraction (single system) 
a
 
 “CMIMBr” PMIMBr BMIMCl 
Pure IL, Rf 0.25 0.27 0.29 
Recovered IL,  Rf 0.27 0.27 0.29 
Rf difference 0.02 0.00 0.00 
a
 Based on solvent system of 1:15 methanol: chloroform (volume ratio) 
 
As part of the investigation of the effect of temperature on the solubility of cellulose in BMIMCl, 
described in Section 3.7.7, the recovery of cellulose from the cellulose+BMIMCl mixtures, heated to 
80°C, 100°C and 120°C, was studied.  Recovery of cellulose films was achieved from each of the 
cooled mixtures by the addition of water, as shown in Figure 4-8, suggesting that these conditions are 
suitable for extraction and recovery of cellulose from cellulose:IL mixtures. 
 
 
Figure 4-8 Recovery of cellulose from cellulose+BMIMCl mixtures obtained at various 
dissolution temperatures by addition of water as an extracting solvent 
 
4.2.2.3 Extraction of fatty acids 
 
Three types of fatty acids were tested for extraction, representing saturated (palmitic acid), 
unsaturated (oleic acid) and polyunsaturated (linoleic acid) acids, using HPyrBr, BMIMCl and HMIMBr 
as the ILs because these ILs showed high tolerance towards the presence of water impurity and 
dissolved fatty acids in high concentrations in both their ‘dry’ and hydrated forms. 
 
Palmitic acid was recovered as a white solid in good yields from HPyrBr (81%), BMIMCl (72%) and 
HMIMBr (96%) and the recovered palmitic acid analysed by FTIR. The spectra in Figure 4-9 for 
recovered palmitic acid are shown to be in good agreement with the reference spectrum of pure 
palmitic acid. The peak at wavenumbers 2954, 2916 and 2850 cm
-1
 represent CH stretching of CH3, 
asymmetric CH stretching and symmetric CH stretching of CH2 respectively. The characteristic peak 
at 1701 cm
-1 
represents the COOH group. The region from 1470-1200 cm
-1 
represents the CH2 group 
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(scissoring and wagging), with a peak of medium intensity at 941 corresponding to an OH out-of-
plane vibration, and a peak at 721 cm
-1
 representing CH2 rocking vibration. 
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Figure 4-9 FTIR spectra of recovered palmitic acid using HPyrBr (green), BMIMCl (blue) and 
HMIMBr (black) compared to the reference pure palmitic acid (red). Analysis conditions: solid 
in KBr disc with 100 scans and a resolution of 8 cm
-1
 at room temperature 
 
Oleic acid was extracted from the ILs (HPyrBr, BMIMCl and HMIMBr) using water as the extracting 
solvent. Because oleic acid is liquid at room temperature, the extraction procedure was different from 
that of palmitic acid. Upon addition of water, two layers were observed, with the oleic acid forming in 
the upper oily layer and the lower layer containing the IL and water. The oleic acid was separated 
using a separatory funnel and dried in a rotary evaporator, and obtained in good yield with HPyrBr 
and HMIMBr (80-86%) and a slightly lower yield with BMIMCl (69%) because the BMIMCl+oleic 
acid+water system did not form a clearly defined phase layer during separation.    
 
The recovered oleic acid was analysed by FTIR and the spectra shown to be in good agreement with 
the reference spectrum for pure oleic acid (Figure 4-10). The peak at 2950 cm
-1
 shows the presence 
of CH asymmetric stretching of CH3 group, with the peaks at 2924 and 2854 cm
-1
 show the presence 
of asymmetric and symmetric stretching of CH2 bonding respectively. The characteristic peak at 1713 
cm
-1
 corresponds to the C=O of the acid and the weak shoulder of the 1713 peak at 1655 cm
-1
 is 
indicative of the presence of C=C bond on the unsaturated oleic acid. The peaks in the region from 
1460-1295 cm
-1 
are due to the presence of CH2 group (scissoring and wagging), at 940 cm
-1 
corresponding to OH out-of-plane vibration, and a medium intensity peak at 700 cm
-1 
being due to the 
CH2 rocking vibration. 
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Figure 4-10 FTIR spectra of recovered oleic acid from HPyrBr (green), BMIMCl (blue) and 
HMIMBr (black) compared to the reference pure oleic acid (red). Analysis conditions: neat 
liquid using NaCl discs with 100 scans and a resolution of 8 cm
-1
 at room temperature 
 
Linoleic acid was recovered from all three ILs following the same method as that used for the 
extraction of oleic acid, in good yields in HPyrBr and HMIMBr (78-80%) and a lower yield of 52% for 
BMIMCl because of the poor phase separation in BMIMCl+linoleic acid+water system.  
 
The recovered linoleic acid was analysed by FTIR and the spectra of the recovered linoleic acid were 
found, from all three ILs, to be in good agreement with the reference spectrum for pure linoleic acid 
(Figure 4-11). The peak to the right of 3000 cm
-1 
corresponds to the asymmetric CH stretching of CH3 
group, with the peaks at 2927 and 2854 cm
-1 
representing the asymmetric and symmetric stretching of 
CH2 group, and the peak at 1709 cm
-1 
corresponding to the characteristic COOH peak. The peaks in 
the region from 1470-1295 cm
-1 
are due to the CH2 group (scissoring and wagging vibrations), the 
peak at 940 cm
-1 
represents OH out-of-plane group, and the peak with medium intensity, at 720 cm
-1
, 
is due to the CH2 rocking vibration. 
 
In summary, extraction of palmitic, oleic and linoleic acid from HPyrBr, BMIMCl and HMIMBr was 
successfully carried out, with BMIMCl being the least effective IL as it did not enable a clearly defined 
phase layer to effect the separation of fatty acids, resulting in slightly lower yields. The recovery of the 
fatty acids and the ILs used in the extraction was confirmed using FTIR spectroscopy. 
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Figure 4-11 FTIR spectra of recovered linoleic acid from HPyrBr (black), BMIMCl (blue) and 
HMIMBr (green) compared to the reference pure linoleic acid (red). Analysis conditions: neat 
liquid in NaCl discs with 100 scans and a resolution of 8 cm
-1
 at room temperature 
 
The FTIR spectra of recovered ILs are all in good agreement with their respective pure ILs as shown 
in Figure 4-12-Figure 4-14. The absence of an intense C=O absorption band at the ~1700 cm
-1
 
suggests that the recovered ILs are free of fatty acids.  
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Figure 4-12 FTIR spectra of recovered HPyrBr after the extraction of palmitic acid (light blue), 
oleic acid (blue) and linoleic acid (green) compared to pure HPyrBr spectrum (red). Analysis 
conditions: neat liquid in NaCl discs with 100 scans and a resolution of 8 cm
-1
 at room 
temperature 
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Figure 4-13 FTIR spectra of recovered BMIMCl after the extraction of palmitic acid (green), 
oleic acid (blue) and linoleic acid (light blue) compared to pure BMIMCl spectrum (red). 
Analysis conditions: neat liquid in NaCl discs with 100 scans and a resolution of 8 cm
-1
 at 
room temperature 
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Figure 4-14 FTIR spectra of recovered HMIMBr after the extraction of palmitic acid (light blue), 
oleic acid (blue) and linoleic acid (green) compared to pure HMIMBr spectrum (red). Analysis 
conditions: neat liquid in NaCl discs with 100 scans and a resolution of 8 cm
-1
 at room 
temperature 
 
4.2.2.4 Extraction of other food-related materials 
 
Lignin was recovered from saturated solutions of lignin in “CMIMBr”, PMIMBr and BMIMCl using 
ethanol as the extracting solvent in good yields (83-97%) (194). 
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The FTIR spectrum of the lignin recovered lignin from each IL was recorded and shown to be in a 
good agreement with the reference pure lignin spectrum (Figure 4-15), confirming successful recovery 
of lignin. The lignin molecule contains O-H, C-H stretch, C=O, C=C, CH2, CH3, C-O-C and C-O groups 
and all the relevant group bond vibrations can be seen at 3500-3300, 2950, 1720-1600, 1500-1550, 
1460, 1400, 1240-1210 and 1150-1050 cm
-1
, respectively. 
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Figure 4-15 FTIR spectra of recovered lignin using “CMIMBr” (blue), PMIMBr (green) and 
BMIMCl (light blue) compared to pure reference lignin (red). Analysis conditions: solid in KBr 
discs with 100 scans and a resolution of 8 cm
-1
 at room temperature 
 
Following the extraction of lignin the recovered ILs - “CMIMBr”, PMIMBr and BMIMCl - were brown in 
colour compared to the pale yellow colour of their pure forms. The FTIR spectra of the recovered ILs, 
compared to the pure IL spectra, suggest the presence of contaminants (Figure 4-16 to Figure 4-18), 
with the major difference being observed, for all ILs, in the region 3200-3600 cm
-1
, which can be 
attributed to the OH group on lignin, and an additional peak at 2100 cm
-1
. 
 
TLC analysis of the recovered ILs was carried out and the Rf values recorded compared well with 
those of the respective pure ILs (Table 4-6). Additional spots were observed for both PMIMBr and 
BMIMCl consistent with the FTIR data which showed some contamination of the IL.    
 
In summary, lignin was successfully extracted from “CMIMBr”, PMIMBr and BMIMCl in good yield. 
The recovered ILs, following extraction of lignin, did however show some contamination due to 
residual lignin.  
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Figure 4-16 FTIR spectra of recovered “CMIMBr” after lignin extraction (green) compared to 
pure “CMIMBr” (red). Analysis conditions: neat liquid in NaCl discs with 100 scans and a 
resolution of 8 cm
-1
 at room temperature 
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Figure 4-17  FTIR spectra of recovered PMIMBr after lignin extraction (green) compared to pure 
PMIMBr (red). Analysis conditions: neat liquid in NaCl discs with 100 scans and a resolution of 
8 cm
-1
 at room temperature 
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Figure 4-18 FTIR spectra of recovered BMIMCl after lignin extraction (green) compared to pure 
BMIMCl (red). Analysis conditions: neat liquid in NaCl discs with 100 scans and a resolution of 
8 cm
-1
 at room temperature 
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Table 4-6 Rf values from analysis of pure ILs compared to recovered ILs after lignin extraction 
(single system) 
a
 
 
“CMIMBr” PMIMBr BMIMCl 
Number of spots 
Spot 1 Spot 1 Spot 2 Spot 3 Spot 1 Spot 2 Spot 3 
Pure IL, Rf 0.25 0.27 - - 0.29 - - 
Recovered IL,  Rf 0.25 0.27 0.09 0.03 0.29 0.16 0.01 
Rf difference 0.00 0.00 0.09 0.03 0.00 0.16 0.01 
a
 Based on solvent system of 1:15 methanol: chloroform (volume ratio) 
 
4.3 Recovery of pure components from simulated mixed 
component systems 
 
Following the solubility testing of pure components in each IL and the development of a methodology 
to recover the pure component from a single component system, the recovery of a single component 
from simulated mixed component systems was trialled for: 
 
 a mixed sucrose and palmitic acid system, designed to simulate a mix of common food 
components such as sugar and fatty acid (a precursor to triglycerides);  
 a mixed cellulose and lignin system, designed to simulate plant materials where cellulose 
and lignin are the main constituents; and 
 a mixed quercetin, sucrose and malic acid system, designed to simulate common 
constituents found in fruits such as apple skins where quercetin (polyphenol) is the targeted 
component and sucrose and malic acid represent sugars and organic acids in the system. 
 
4.3.1 Methodology 
 
The generic methodology used for the extraction of a single pure component, described in Section 
4.2.1, was adopted for the separation and recovery of the pure components from a mixed component 
system. As a first step, the mixed system was prepared as an equal ratio of the mixture of two or 
three different classes of components by weight.  
  
The methodology and conditions used for the separation and the recovery of the components from 
each other and from each IL are set out in Table 4-7.  
 
FTIR spectroscopy was used to analyse the recovered components, and, separately, to ascertain the 
extent of recovery of the IL. In some cases, thin layer chromatography was used as an additional 
means of comparing the purity of the recovered IL. 
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4.3.2 Results and discussion for simulated mixed component 
systems  
 
Three simulated mixed component systems were trialled to study the fractionation, separation and/or 
full recovery of key components. 
 
FTIR spectra of both the recovered components and ILs were shown to confirm the extraction and the 
recovery of ILs. In some cases, TLC of recovered of ILs was carried out to identify any remaining 
solute in the ILs.  
 
4.3.2.1 Sucrose and palmitic acid system  
 
In the extraction of sucrose and palmitic acid, HPyrBr was selected because it dissolved palmitic acid 
and not sucrose. The FTIR spectrum of extracted sucrose (Figure 4-19) is shown to be in excellent 
agreement with the pure reference sucrose spectrum, confirming the successful selective extraction 
of sucrose from the palmitic-sucrose mix. 
  
The addition of water to the HPyrBr filtrate, which contained dissolved palmitic acid, resulted in a 
white precipitate of palmitic acid. The recovered palmitic acid was analysed by FTIR (Figure 4-20) and 
shown to be in excellent agreement with its pure reference spectrum, thus confirming the successful 
recovery of palmitic acid from the palmitic acid-sucrose mix. Analysis of the FTIR spectrum (Figure 
4-21) of the recovered HPyrBr from the system confirmed that it could be recovered in sufficient purity 
for potential recycle in further extractions. 
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Figure 4-19 FTIR spectra of recovered sucrose (green) from a multi-food component (palmitic 
acid-sucrose) system using HPyrBr, compared to pure reference sucrose (red). Analysis 
conditions: solid in KBr discs with 100 scans and a resolution of 8 cm
-1
 at room temperature 
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Table 4-7 Conditions for recovery of components and ILs from a mixed system 
Components 
present in the 
system/(ratio)  
IL used 
Extracting 
solvent 
Recovery process 
Sucrose 
Palmitic acid 
(1:1) 
HPyrBr Methanol 
 The mixture of sucrose and palmitic acid (5g) and HPyrBr (5g) were placed in a 25ml flask and stirred in a 
waterbath at 80
o
C for 1 hr. 
 The mixture was vacuum filtered to separate the insoluble fraction (sucrose). 
 The solid residue (sucrose) was washed with methanol (30mlx3) to remove residual HPyrBr and dried under 
a vacuum. 
 Distilled water (50 ml) was added to the HPyrBr filtrate, stirred and the solid precipitate (palmitic acid) was 
vacuum-filtered, washed several times with water (30 mlx3) and dried in vacuo. 
 HPyrBr was recovered using a rotary evaporation to remove water.  
Cellulose 
Lignin 
(1:1) 
“CMIMBr” 
PMIMBr 
BMIMCl 
Water 
 
 
 
Ethanol 
 Each IL (5 g) was saturated with cellulose and lignin by heating and stirring in a waterbath at 80oC for 1 hr. 
 Water (50 ml) was added to the saturated solution of IL+cellulose+lignin and left to stir for 1 hr. 
 The white precipitate (cellulose) was vacuum-filtered and washed several times with water (30mlx3) before 
drying in vacuo. 
 The filtrate (containing lignin+IL) was rotary evaporated to remove water. 
 Ethanol (50 ml) was added to the filtrate and the precipitate (lignin) was vacuum-filtered. 
 The filtrate (containing ethanol+IL) was then refrigerated at 4°C for 24 hr to further precipitate any residual 
lignin which was collected by filtration. 
 The IL was recovered using a rotary evaporator to remove ethanol. 
Quercetin 
Malic acid 
Sucrose 
(1:1:1) 
PMIMBr Water 
 The mixture of quercetin, sucrose and malic acid (5g) and HPyrBr (5g) were placed in a 25ml flask and 
stirred in a waterbath at 80
o
C for 1 hr. 
 Distilled water (50 ml) was added to the solution and left to stir for 1 hr. 
 The yellow precipitate (quercetin) was vacuum-filtered and washed with aliquot of water (30mlx3) before 
drying in vacuo. 
 The filtrate (containing IL+malic acid+sucrose+water) was dried using a rotary evaporator to remove water. 
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Figure 4-20 FTIR spectra of recovered palmitic acid (green) from a multi-food component 
(palmitic acid –sucrose) system using HPyrBr, compared to pure reference palmitic acid (red). 
Analysis conditions: solid in KBr disc with 100 scans and a resolution of 8 cm
-1
 at room 
temperature 
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Figure 4-21 FTIR spectra of recovered HPyrBr (green) after extraction in a multi-food 
component (palmitic acid-sucrose) system compared to pure reference HPyrBr (red). Analysis 
conditions: neat liquid using NaCl discs with 100 scans and a resolution of 8 cm
-1
 at room 
temperature 
 
4.3.2.2 Cellulose and lignin system  
 
The three ILs - “CMIMBr”, PMIMBr and BMIMCl - were used for the selective extraction of cellulose 
and lignin from a cellulose-lignin mix (194). Since both cellulose and lignin are soluble in these ILs, 
the aim of the work was to develop a means by which the cellulose and lignin components of the 
mixture could be recovered, as separate phases, from the IL solution. 
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From Table 4-1-Table 4-2, water was selected as the precipitating agent to remove cellulose from the 
cellulose:lignin:IL mixture and ethanol was added as the precipitating agent to remove lignin from the 
lignin:IL mix. Cellulose and lignin were successfully separated and recovered from a saturated 
solution of cellulose:lignin mixture in each of the ILs, PMIMBr and BMIMCl, and the ILs were 
successfully recovered for recycle. Cellulose was recovered as a white powder in over 100% yield 
where the extra yield resulted from water from the recovery process being trapped in the pores of the 
cellulose. Lignin was isolated from the same ILs with recovery yields of 69% and 49% respectively.   
 
The FTIR spectra of recovered products confirmed that cellulose and lignin were selectively extracted 
from the cellulose:lignin mix using PMIMBr and BMIMCl (Figure 4-22- Figure 4-23) and showed 
excellent agreement with those of their respective pure reference materials. Slight cellulose 
contamination however, can be observed in the spectrum of recovered lignin (Figure 4-23) around 
1150 cm
−1
 where the absorption band (C-O-C bond) is of slightly greater intensity compared with the 
corresponding band in the reference spectrum. The insolubility of lignin in a wide range of organic 
solvents made it difficult to purify the sample by re-crystallisation. 
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Figure 4-22 FTIR spectra of recovered cellulose from cellulose-lignin mix using PMIMBr (blue) 
and BMIMCl (green) compared to the pure reference cellulose spectrum (red). Analysis 
conditions: solid in KBr disc with 100 scans and a resolution of 8 cm
-1
 at room temperature 
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Figure 4-23 FTIR spectra of recovered lignin from cellulose-lignin mix using PMIMBr (green) 
and BMIMCl (blue) compared to the pure reference lignin spectrum (red). Analysis conditions: 
solid in KBr disc with 100 scans and a resolution of 8 cm
-1
 at room temperature 
 
The ILs, PMIMBr and BMIMCl were recovered in excellent yield (98-99%) and the FTIR spectra of the 
recovered ILs, shown in Figure 4-24 to Figure 4-25, are in agreement with their respective reference 
pure IL spectra, although there may be some evidence of minor contamination from residual lignin. 
Evidence of the impurities was confirmed by comparison of the Rf values for the recovered PMIMBr 
and BMIMCl (Table 4-8) with those Rf values obtained for their respective pure ILs, and can be 
attributed to residual lignin and its degradation products which are responsible for the change in 
colour in the final ILs. 
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Figure 4-24 FTIR spectra of recovered PMIMBr (green) after extraction of cellulose and lignin 
from the multi-component (cellulose-lignin) system compared to the reference pure PMIMBr 
spectrum (red). Analysis conditions: neat liquid using NaCl disc with 100 scans and a 
resolution of 8 cm
-1
 at room temperature 
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Figure 4-25 FTIR spectra of recovered BMIMCl (green) after extraction of cellulose and lignin 
from the multi-component (cellulose-lignin) system compared to the reference pure BMIMCl 
spectrum (red). Analysis conditions: neat liquid using NaCl discs with 100 scans and a 
resolution of 8 cm
-1
 at room temperature 
 
Table 4-8 Rf values from TLC analysis of pure ILs compared to recovered ILs after cellulose-
lignin extraction (mixed system) 
a
 
 
“CMIMBr” PMIMBr BMIMCl 
Number of spots 
Spot 1 Spot 1 Spot 2 Spot 3 Spot 1 Spot 2 Spot 3 
Pure IL, Rf 0.25 0.27 0.00 0.00 0.29 0.00 0.00 
Recovered IL,  Rf 0.25 0.27 0.08 0.03 0.29 0.17 0.01 
Rf difference 0.00 0.00 0.08 0.03 0.00 0.17 0.01 
a
 Based on solvent system of 1:15 methanol: chloroform (volume ratio) 
 
The separation of cellulose and lignin from “CMIMBr”, however, behaved differently. Following the 
addition of water to the saturated solution of “CMIMBr”+cellulose+lignin, a white/brown precipitate was 
recovered (in 68% yield), which was expected to be only cellulose. FTIR analysis of the recovered 
precipitate, however, shows band absorptions for both cellulose and lignin (Figure 4-26). Not only did 
attempts to precipitate out pure cellulose with water result in a mixture, so did attempts to precipitate 
out pure lignin with ethanol result in a mixture of components in 12% yield (Figure 4-27).   
 
This is very interesting since the reference sample lignin is soluble in water and should therefore not 
precipitate on addition of water. Since cellulose is successfully recovered from the PMIMBr and 
BMIMCl mixed system, it is plausible to suggest that the change in anion has little or no effect on the 
precipitation of cellulose and that either the acidity of “CMIMBr” has a major role in affecting the 
chemistry in solution. It is possible that within the “CMIMBr” system, a cellulose–lignin complex is 
formed, which precipitates on addition of water.  
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The recovered “CMIMBr” was obtained in high yield (99%) and the FTIR spectrum (Figure 4-28) and 
TLC analysis (Table 4-8) confirm excellent agreement with its pure IL, with the only difference being 
an increase in the OH absorption, which reflects both the use of water in the process chemistry and 
the hygroscopic nature of the IL. 
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Figure 4-26 FTIR spectra of product recovered following addition of water to the cellulose-
lignin mix using “CMIMBr” (green) compared to pure reference spectra of cellulose (red) and 
lignin (blue). Analysis conditions: solid in KBr disc with 100 scans and a resolution of 8 cm
-1
 at 
room temperature  
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Figure 4-27 FTIR spectra of product recovered following addition of ethanol to the cellulose-
lignin mix using “CMIMBr” (red) compared to pure reference spectra of cellulose (green) and 
lignin (blue). Analysis conditions: solid in KBr disc with 100 scans and a resolution of 8 cm
-1
 at 
room temperature 
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Figure 4-28 FTIR spectra of recovered “CMIMBr” (green) after cellulose and lignin extraction 
(mixed system) compared to the reference pure “CMIMBr” (red). Analysis conditions: neat 
liquid using NaCl discs with 100 scans and a resolution of 8 cm
-1
 at room temperature 
 
4.3.2.3 Quercetin, sucrose and malic acid system  
 
Quercetin, sucrose and malic acid all showed solubility in PMIMBr. The addition of water to the 
mixture resulted in a yellow precipitate of quercetin in 90% yield, confirming the selective extraction 
and full recovery of quercetin from the mixed component system, with sucrose and malic acid 
remaining in the IL solution.  
 
The FTIR spectrum of extracted quercetin (Figure 4-29) is in excellent agreement with the reference 
for pure quercetin. The broad peak at 3408-3145 cm
-1
 shows the presence of phenolic OH band. The 
characteristic peak at 1662 cm
-1
 corresponds to the carbonyl group (C=O stretching), with the peak at 
1611 cm
-1
 shows the presence of phenolic rings A and B (Figure 4-30). The peak at 1560 cm
-1
 
indicates C=C band, at 1319 cm
-1
 due to C-O-H on ring B and at 1264 cm
-1 
due to the presence of C-
O-C stretch on ring C (195).  
 
A TG-DSC profile of the extracted quercetin is compared to that of pure quercetin (Figure 4-30). Two 
endotherms at 110°C and 310°C, evidence of the loss of water molecules and decomposition of the 
anhydrous quercetin match those characteristic features of pure quercetin.  
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Figure 4-29 FTIR spectra of recovered quercetin (red) from quercetin-sucrose-malic acid mix 
using PMIMBr compared to the pure reference quercetin spectrum (green). Analysis 
conditions: solid in KBr disc with 100 scans and a resolution of 8 cm
-1
 at room temperature 
 
 
Figure 4-30 A comparison of TG-DSC profile of extracted quercetin from quercetin-sucrose-
malic acid mix using PMIMBr to a TG-DSC profile of pure quercetin: a) DSC of pure quercetin; 
b) DSC of extracted quercetin; c) TG of extracted quercetin and; d) TG of pure quercetin. 
Heating programme: N2 atmosphere at 10°C/min from 20-1000°C in alumina crucible.  
 
4.4 Application to a real food system 
 
Following the solubility testing of pure components in each IL, the development of a methodology to 
recover the pure component(s) from a single component system and from simulated mixed systems 
the trials were extended to the recovery of component(s) from a real food system.  
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4.4.1 Methodology 
 
Chocolate was selected as a model to demonstrate the potential of ILs to separate sugar and fat from 
food system (196).   
 
As a first step, chocolate and its main ingredients, cocoa butter fat and sucrose, were characterised 
using TG-DSC and FTIR spectroscopy, as representative control samples in order to follow the 
extraction process. For the purposes of the study samples of three types of chocolate (white, milk and 
dark chocolate) were used and pure cocoa butter fat and sucrose were purchased from Calmer 
Solutions Limited and Fisher Scientific UK respectively. For TG-DSC measurements the samples 
were heated, individually, in an alumina crucible at the rate of 10°C/min under N2 atmosphere to 
1000°C. For FTIR measurements the chocolate and cocoa butter fat were melted in a water bath to 
obtain a thin liquid film between the sodium chloride discs, whilst sucrose was analysed by creating a 
solid disc with potassium bromide. 
 
Once characterised, the sample components were tested for solubility in the pre-selected ILs, HPyrBr, 
“CMIMBr” and PMIMBr, and assessed for their recovery potential. The conditions used for solubility 
testing and selective extraction of the components from each other and from each IL are set out in 
Table 4-9. FTIR spectroscopy and TG-DSC were used to analyse the recovered components, and, 
separately, to ascertain the extent of recovery of the IL.  
 
Table 4-9 Conditions for solubility testing and selective extraction 
Process Component IL Tested Conditions of treatment 
Solubility 
Testing 
Chocolate 
Cocoa butter fat 
Sucrose 
HPyrBr 
“CMIMBr” 
PMIMBr 
 The IL (1g) was saturated with food component. 
 The mixture was heated and stirred in a water 
bath for 1 hr at 80
o
C. 
 The solubility of the food component was noted   
Selective 
extraction 
Fat component in 
chocolate 
“CMIMBr” 
PMIMBr 
 Melted chocolate (2g) was dissolved in IL (4g). 
 The mixture was heated and stirred for 1 hr at 
80
o
C 
 The mixture was allowed to settle overnight. 
 The resulting suspension was vacuum filtered to 
precipitate the insoluble fat component. 
 The fat component was washed several times with 
water (10 x 25ml) to remove traces of IL and 
vacuum dried before characterisation using FTIR 
and TG-DSC. 
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Table 4-10 Fat and sugar composition in white, milk and dark chocolate 
 
Fat 
(%) 
Sugar 
(%) 
Fat and sugar 
(%) 
White chocolate 31.7 57.6 89.3 
Milk chocolate 31.5 56.5 88.0 
Dark chocolate 46.0 27.0 73.0 
 
4.4.2 Results and discussion for a real food system 
 
Chocolate used in this study, as the model for trialling the use of ILs to extract components from a 
real food, included white, milk and dark chocolate. The main ingredients of chocolate are reported to 
be sugar (as sucrose) and cocoa butter fat, with minor ingredients including emulsifiers and flavours. 
Furthermore, milk and dark chocolate contain cocoa mass, white and milk chocolate contain milk 
powder, and white chocolate contains whey powder. The fat and sugar composition obtained from the 
chocolate manufacturers for each chocolate type is given in Table 4-10.  
 
4.4.2.1 Characterisation of chocolate and its ingredients  
 
Pure samples of each type of chocolate (white, milk and dark chocolate), as well as its main 
ingredients (pure cocoa butter fat and sucrose), were characterised using FTIR spectroscopy and TG-
DSC to provide reference control data. 
 
Cocoa butter fat is made up of triglycerides, which contain alkyl chains and C=O, C-O groups and all 
of these functional group vibrations are observed in the FTIR spectrum (Figure 4-31). The small 
shoulder at 3005 cm
-1 
is a characteristic of stretching vibration of the cis-olefinic double bond (197). 
The peaks at 2924 and 2854 cm
-1
 represent asymmetric and symmetric stretch vibration of CH2 
respectively, whilst the peak at 1747 cm
-1
 is characteristic of stretching of the C=O bond of 
triglycerides The peak at 1466 cm
-1 
is due to scissoring band of CH2, with the symmetric bending 
vibration of CH3 shown at 1377 cm
-1
 and the peaks in the region between 720-1238 cm
-1
 due to the 
overlapping of rocking vibration of CH2 and out-of-plane bending of cis-disubstituted olefins (197). 
 
The TG-DSC profiles for cocoa butter fat reference (Figure 4-32 (a)) indicate the endotherms for the 
melting point (40°C) and the boiling point (425°C) of the cocoa butter fat, with major weight loss 
occurring between 384-440°C with 100% decomposition of the sample. 
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Figure 4-31 FTIR spectrum of pure cocoa butter fat. Analysis conditions: neat melted liquid in 
NaCl discs with 100 scans and a resolution of 8 cm
-1
 at room temperature 
 
 
Figure 4-32 TG-DSC profiles of main chocolate ingredients: a) pure cocoa butter; and b) 
sucrose; and c) dark chocolate. Heating programme: N2 atmosphere at 10°C/min from 20-600°C 
in alumina crucible. 
 
Sucrose shows a broad peak in the region 3200-3600 cm
-1
 in the FTIR spectrum (Figure 4-33) which 
represents the OH groups on the sucrose molecules. Multiple peaks at 2900 cm
-1
 region represent 
CH alkane and CH2 stretch vibrations, the peak at 1461 cm
-1
 is due to CH2 scissoring band vibration, 
and the numerous peaks in the region 1000-1200 cm
-1
 represent C-O stretch and C-O-C groups, 
whilst the peaks at 900-1000 cm
-1
 represent CH2 out-of-plane vibration.  
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The TG-DSC profile of sucrose (Figure 4-32 (b)) shows the decomposition of sucrose with two 
endotherms at 186°C and 220
o
C, and a major weight loss occurring in the range 221-236°C, leaving a 
residue of 12% at 1000
o
C. 
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Figure 4-33 FTIR spectrum of pure sucrose. Analysis conditions: solid in KBr disc with 100 
scans and a resolution of 8 cm
-1
 at room temperature 
 
Chocolate – the FTIR spectrum for dark chocolate (Figure 4-34) confirms a mixture mainly of sugar 
(usually sucrose) and cocoa butter fat. A comparison of the spectrum for dark chocolate with those of 
its pure ingredients - pure sucrose and pure cocoa butter fat – confirms most of the peaks present are 
the combination of the two main ingredients, with the broad peak at region 3200-3600 cm
-1 
corresponding to the OH group on the sucrose molecules and the sharp peaks at 2924 and 2824 cm
-1
 
representative of the asymmetric and symmetric CH2 stretch bending in the cocoa butter fat.  A peak 
at 1751 cm
-1
 is due to the C=O group of triglycerides in cocoa butter fat and a strong peak at 1462 cm
-
1 
is a combination of CH2 scissoring bend in both the cocoa butter fat and sucrose molecules. The 
peak at 1377 cm
-1
 represents symmetric bending of CH3 in cocoa butter fat and the peaks with weak 
intensity at 1068 and 721 cm
-1
 are both due to cocoa butter fat, representing the rocking vibration of 
CH2 and the out-of-plane bend of cis-disubstituted olefin respectively (197). 
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Figure 4-34 FTIR spectrum of dark chocolate. Analysis conditions: neat melted liquid in NaCl 
discs with 100 scans and a resolution of 8 cm
-1
 at room temperature.  
 
The TG-DSC profile of dark chocolate (Figure 4-32 (c)) shows an endotherm at 35°C which indicates 
the melting of chocolate due to the presence of cocoa butter fat (mp 40°C) followed by a two-stage 
weight loss characteristic of the combination of the two main ingredients of cocoa butter fat and 
sucrose. The first weight loss (206-226°C) is associated with the decomposition of sucrose and the 
second (380-427°C) is associated with the decomposition of cocoa butter fat. A final residue of about 
11.6% compares with the residue of 12% observed for pure sucrose.  
 
The corresponding characterisation data for white and milk chocolate, which follow a similar trend, are 
presented in Appendix G. The increased residue from white chocolate (15.93%) and from milk 
chocolate (14.94%) can be attributed to the higher level of sucrose in the two chocolate types, with > 
50% being present in white and milk chocolates compared with 27% in dark chocolate. 
 
4.4.2.2 Solubility testing of chocolate and its ingredients in ILs  
 
Approximately 70-90% of chocolate consists of sugar and fat, and it was necessary to study the 
solubility of chocolate and its ingredients in a selection of ILs to identify the most appropriate solvent 
for the selective separation of sugar and fat from chocolate. The three ILs selected were HPyrBr 
because it did not dissolve sucrose but dissolved glycerol and fatty acids which are building blocks of 
fat (triglycerides); “CMIMBr” because it dissolved sucrose in high concentration (>1g/g of “CMIMBr”) 
and did not dissolve glycerol and fatty acids; and PMIMBr because it dissolved both sucrose and 
glycerol in high concentrations but not fatty acids.  
 
Table 4-11 shows the solubility of sucrose, cocoa butter fat, glycerol, fatty acids and chocolate in the 
ILs. Sucrose is found to be soluble in both “CMIMBr” and PMIMBr but not HPyrBr.  Despite glycerol 
and fatty acids being cocoa butter fat precursors, the ILs, HPyrBr and PMIMBr, dissolve glycerol (and 
fatty acids for HPyrBr) but not cocoa butter fat, a finding which is attributed to the presence of the 
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more complex triglycerides in cocoa butter fat. White, milk and dark chocolate were found to be 
partially soluble in all three ILs (Table 4-11), consistent with the differences in solubility of sucrose and 
cocoa butter fat in these ILs, where sugar dissolves in the ILs and fat remains insoluble.  
 
Table 4-11 Solubility of chocolates, sucrose and fat in ILs at 80°C (g/g of IL) 
 HPyrBr “CMIMBr” PMIMBr 
Sucrose Insoluble >1 0.72 (± 0.03) 
Glycerol >1 Insoluble >1 
Fatty acids >1 Insoluble Insoluble 
Cocoa butter fat Insoluble Insoluble Insoluble 
White chocolate Partially soluble Partially soluble Partially soluble 
Milk chocolate Partially soluble Partially soluble Partially soluble 
Dark chocolate Partially soluble Partially soluble Partially soluble 
 
The inability of HPyrBr to solubilise either sucrose or cocoa butter fat renders it unsuitable for the 
selective recovery of fat from chocolate. On the other hand, the differences in solubility of sucrose and 
cocoa butter fat in “CMIMBr” and PMIMBr make them suitable ILs for trialling in the selective recovery 
of fat from chocolate. 
 
4.4.2.3 Selective recovery of fat and sucrose from chocolate  
 
The ILs, “CMIMBr” and PMIMBr, were used in separate experiments to selectively solubilise the sugar 
component of white, milk and dark chocolates, along with minor ingredients including emulsifiers and 
flavours.   
 
From all types of chocolate, the insoluble cocoa butter fat was recovered, but, in the case of milk and 
dark chocolate, which contain cocoa mass, it appeared alongside a dark brown insoluble powder - the 
cocoa mass.  Separation of the cocoa butter fat and cocoa mass was achieved by the addition of 
water, with the cocoa solids settling in the bottom layer, the fat remaining in the upper layer, and any 
residual emulsifiers and flavours being removed as water-soluble ingredients (196).  
 
The cocoa butter fat was recovered. This represents 30-43% of the starting mass of the chocolate 
mass, corresponding to almost all the cocoa butter fat content in the chocolate (Table 4-10). The dried 
recovered cocoa butter fat was analysed by TG-DSC and FTIR spectroscopy, with the FTIR spectra 
of the recovered fat, from all chocolates, found to be in good agreement with the reference spectrum 
for pure cocoa butter fat (Figure 4-35-Figure 4-36). The TG-DSC profiles of the extracted fat from milk 
chocolate (for both PMIMBr and “CMIMBr”, respectively) and the temperatures at which endotherms 
occur (40°C and 425°C) match those characteristic features (melting point and boiling point) of pure 
cocoa butter fat (Figure 4-37). 
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Figure 4-35 FTIR spectra of extracted cocoa butter fat from white (black), milk (green) and dark 
(blue) chocolate using PMIMBr compared to reference pure cocoa butter fat spectrum (red). 
Analysis conditions: neat melted liquid in NaCl discs with 100 scans and a resolution of 8 cm
-1
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Figure 4-36 FTIR spectra of extracted cocoa butter fat from white (blue), milk (green) and dark 
(black) chocolate using “CMIMBr” compared to reference pure cocoa butter fat spectrum 
(red).Analysis conditions: neat melted liquid in NaCl discs with 100 scans and a resolution of 8 
cm
-1
 at room temperature 
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Figure 4-37 TG-DSC profiles of extracted cocoa butter fat from milk chocolate using PMIMBr, 
“CMIMBr” compared with pure cocoa butter. Heating programme: N2 atmosphere at 10°C/min 
from 20-600°C in alumina crucible. 
 
Full separation of fats and sugars was achieved since the sucrose from the chocolate samples 
completely dissolved in the ILs, whilst none of the fats was soluble in the ILs, thereby allowing 
separation of the sucrose and fat components and the recovery of fat in almost 100% yield. 
 
4.5 Summary 
 
In this Chapter the use of as-prepared ILs (ILs) has been investigated as a means of recovery of 
organic compounds from mixed waste streams.  
 
Specifically the trials described include the recovery of pure components from a single component 
system; recovery of pure components from simulated mixed component systems; and application to a 
real food system. The extraction methodology developed relied on the selective solubility property of 
ILs, by which either the key value component was extracted into the IL phase leaving the residual 
within the “waste”, or the non-targeted material was extracted into the IL phase leaving the key value 
component available for separation, and the use of a solvent selection matrix, where the solvent 
selectively solubilises the component or the IL, but not both.  
 
Single system extraction trials were run for four classes of food and food-related components: amino 
acids (glycine and L-glutamic acid), carbohydrates (sucrose and cellulose), fatty acids (palmitic, oleic 
and linoleic acid) and lignin. The extracted components were obtained in high yields and the resultant 
FTIR spectra of the recovered ILs matched those of the respective pure materials, offering the 
opportunity for potential recycling and reuse of the ILs. 
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Three simulated mixed component systems were trialled to study the fractionation, separation and/or 
full recovery of key components and to show how ILs could be used, as part of a process, to separate 
components commonly found in foods and natural mixtures: 
 
(i) a mixed sucrose and palmitic acid system - The extraction of palmitic acid and sucrose, using 
HPyrBr, which was selected because it dissolved palmitic acid and not sucrose, demonstrates the 
selective extractability of ILs offering the potential for further exploitation in real food systems;   
 
(ii) a mixed cellulose and lignin system - Three ILs - “CMIMBr”, PMIMBr and BMIMCl - were tested for 
the selective extraction of cellulose and lignin. Since both cellulose and lignin are soluble in these ILs, 
the challenge was to develop a means by which the two components could be recovered, as separate 
phases, from the IL solution.  Water and ethanol were found to be precipitating agents that could be 
used successfully to separate and recover cellulose and lignin respectively. PMIMBr and BMIMCl 
were found to be effective in the selective extraction and fractionation of cellulose and lignin, and, for 
the first time, recovery of the IL, for reuse, from the saturated mixture of cellulose and lignin, in each 
of the ILs, was achieved; and  
 
(iii) a mixed quercetin, sucrose and malic acid system - Quercetin, sucrose and malic acid were all 
soluble in PMIMBr. The separation of quercetin demonstrates the ability to selectively extract a 
polyphenol as the target material from a simulated mix similar to natural constituents of fruits such as 
apple skin. 
 
Following the development of methodologies to fractionate the components of simulated food 
component mixtures, the extraction trials were extended to the recovery of component(s) from a real 
food system using chocolate (white, milk and dark chocolate) as a model to demonstrate the potential 
of ILs to separate sugar and fat from a complex foodstuff.   
 
The ILs, “CMIMBr” and PMIMBr, were used in separate experiments to selectively solubilise the sugar 
component of white, milk and dark chocolates, along with minor ingredients including emulsifiers and 
flavours.  Full separation of fats and sugars was achieved since the sucrose from the chocolate 
samples completely dissolved in the ILs, whilst none of the fats was soluble thereby allowing 
separation of the sucrose and fat components and the recovery of fat in almost 100% yield. 
 
The success of ILs, “CMIMBr” and PMIMBr, in the separation of sugars and cocoa butter fat from 
white, milk and dark chocolate demonstrates, for the first time, the ability of ILs to separate and 
recover selected components from a real food system, that is not simply a mix of components but is a 
complex matrix in which the individual components cannot be separately identified within the product. 
This type of separation has now been extended to the recovery of key value components from other 
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food waste streams to extract to higher added-value food components for use as pharmaceuticals, 
nuetraceuticals, cosmeceuticals and other outlets. 
 
The results described in this Chapter show that it is possible to use ILs as efficient solvents and 
extractants to fractionate and recover individual components of food in high yield in processes where 
the ILs can be recovered in high yield for recycle. 
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CHAPTER 5                                            
DEVELOPMENT AND TRIALLING OF A NOVEL IL 
MIX IN THE EXTRACTION AND ESTERIFICATION OF 
FREE FATTY ACIDS IN A “ONE-POT” REACTOR 
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5.1 Introduction 
 
The results described in Chapter 4 show that ILs can be a powerful tool in achieving extraction and 
recovery of key value components from organic materials derived from food and food-related sources.  
 
In the development of processes to recover key value components from food related sources the 
separation of the food sources into treatable fractions will be important and one fraction that will be 
recovered will be the fraction containing fats. This fraction does represent an alternative feedstock for 
biodiesel production. A major organic food-related fat-containing waste stream is waste cooking oil 
which, in the UK, is estimated at 200,000 tonnes/year (198) and this waste provides a model for 
studies on the fat-containing fraction from food-related sources.  A particular feature of waste cooking 
oils, however, is the elevated levels of free fatty acids that are produced during the frying process 
which reduce the effectiveness of the traditional transesterification process to produce biodiesel. Prior 
to the normal transesterification route it is essential to separate the free fatty acids from the wastes 
although it is also possible to further convert the free fatty acids into biodiesel in a separate reaction. 
 
The overall aim of the work described in this Chapter is to exploit the properties of ionic liquids in a 
dual reaction system and develop a “one-pot IL recovery and subsequent reaction” methodology for 
the extraction of free fatty acids and their subsequent conversion to biodiesel, via esterification to their 
methyl esters. 
 
5.2 Biodiesel production  
 
5.2.1 What is biodiesel? 
 
Under the Quality Protocol issued by WRAP, biodiesel is defined as a diesel quality liquid fuel derived 
from biomass, waste cooking oils or rendered animal fat, the ester content of which is not less than 
96.5% by weight; and the sulphur content of which does not exceed 0.0001% (199). In the United 
States, biodiesel is defined technically in ASTM D 6751, “a diesel engine fuel comprised of monoalkyl 
esters of long chain fatty acids derived from vegetable oils or animal fats, designated B100 and 
meeting the requirements of ASTM D6751”. In Europe, the specification for biodiesel is defined in EN 
14214. 
 
Chemically, biodiesel is comprised of monoalkyl esters (especially methyl esters) of long-chain fatty 
acids derived from renewable lipid sources via a transesterification process. Typical vegetable oils 
used for biodiesel production are rapeseed oil, soybean oil and palm oil. 
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5.2.2 Conventional biodiesel production from pure vegetable 
oil 
 
In 1893, Rudolf Diesel designed the original diesel engine which ran on non-transesterified vegetable 
oil (peanut oil) (200). Since then, the use of vegetable oils as alternative renewable fuels has been 
increasingly proposed although commercial production did not begin until the late 1990s (201). The 
demand for vegetable oil, however, which has competing uses between food and biodiesel production 
will result in increased feedstock prices. Unless the feedstock supplies expand biodiesel production 
costs will rise thereby reducing its competitiveness with petroleum diesel and increasing its 
dependence on government incentives. In order to overcome the challenge of feedstock availability, 
some measures, already taken, include expanded oilseed production and using higher oil content 
varieties and higher oil content crops. New processing technologies are also required to improve 
operating efficiencies, and according to predictions, the use of heterogeneous catalyst systems and 
the conversion of free fatty acids in feedstocks to esters are among the potential process 
improvements being considered. 
 
Because of the high viscosity of pure vegetable oil, its applicability in diesel engines is limited without 
modification. There are four main ways to reduce this viscosity: (i) dilution, (ii) microemulsification, (iii) 
pyrolysis and iv) transesterification (202). Transesterification of biodiesel is the most common method 
of reducing viscosity and is the focus of discussion in this section. 
 
Transesterification (or alcoholysis) is the reaction of a fat or oil triglyceride with an alcohol to form 
esters and glycerol:   
 
CH2OCOR'''
CHOCOR''
CH2OCOR'
+ 3 ROH CHOH
CH2OH
CH2OH
+
R'''COOR
R''COOR
R'COOR
   
   catalyst
+
+
 
 
Transesterification is a reversible reaction so excess alcohol must be used to shift the equilibrium to 
the product side. Methanol is the most common alcohol used and a catalyst (most commonly sodium 
hydroxide) is usually required to improve the rate of reaction and yield. The primary products of the 
reaction are reduced viscosity fatty acid esters and the by-product is glycerol.  
 
Different transesterification processes may be classified according to the types of catalysts used 
including: alkalis, acids, enzymes (usually involving a lipase catalyst), and non-catalyst reactions. 
Sodium hydroxide and potassium hydroxide are the most common alkali catalysts used and sulphuric 
acid, hydrochloric acid and sulfonic acid are usually the preferred acidic catalysts (see following 
sections) (201). Because methanol and oil are not completely miscible, vigorous stirring is a key factor 
in achieving high biodiesel yields.   
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5.2.2.1 Alkali-catalysed transesterification 
 
Alkali-catalysed transesterification is a commercially well-developed biodiesel production method.  
General reaction conditions are: 60-70°C with 0.5-1.0% (w/w) of alkaline catalyst and 10-15% (w/w) of 
methanol and the reaction proceeds for 45 minutes before the mixture is settled into 2 phases (203). 
The ester layer, which is the upper phase, is washed with water, or acidic solution, to remove the 
catalyst and residual glycerol. The other reagents (methanol, catalyst and free fatty acids) remain in 
the glycerol phase, and methanol removal is carried out by distillation. The important process 
parameters include the alcohol:oil molar ratio, the catalyst, the reaction temperature, the mixing 
intensity and the purity of the reagents (203). Generally, the standard conditions are an alcohol:oil 
molar ratio of 6:1 and a reaction temperature of 60°C (204).  The usual catalyst concentration is 0.5-
1.0% (w/w) and a further increase does not have any significant increase on the yield (203). The 
reaction temperature chosen is usually close to the boiling point of the alcohol used. The purity of the 
vegetable oil also influences the yield of esters, and any water or  free fatty acid contents have a 
negative effect on the yield in alkali-catalysed transesterification due to saponification reactions. Up to 
5% free fatty acids in vegetable oil is tolerable although additional catalyst is usually required (202). 
The presence of moisture causes hydrolysis of the triglycerides and the product alkyl esters to 
produce free fatty acids which further saponify. It has been reported that, in order to obtain maximum 
ester yield, the free fatty acid content of the oil should ideally  be less than 0.5% and the alcohol used 
should be free from moisture (204). 
 
5.2.2.2 Acid-catalysed transesterification 
 
When the free fatty acid content of the oil is more than 5%, acid catalysis can be used to esterify the 
free fatty acids to fatty acid esters. Sulphuric acid is the most common choice of acid catalyst, and the 
reaction takes up to 48 hours when transesterification is carried out at 60°C with 3% sulphuric acid 
and 6:1 methanol:oil molar ratio (205, 206). Drawbacks of the acid process are that the reaction times 
are longer and water formation in the reaction reduces the ester yield. A water removal scheme is 
usually required to shift the equilibrium reaction to the product side. 
 
5.2.2.3 Lipase-based transesterification  
 
Lipase-based transesterification overcomes the problems of neutralisation requirements in the 
acid/alkaline processes. The use of lipase as catalyst also eliminates the need for extensive glycerol 
recovery processes. Lipases exhibit the ability to esterify and transesterify both fatty acids and 
triglycerides, and advantages of lipase-based transesterification include the production of glycerol 
with minimal water and an ability to recycle the lipase catalyst.  
In a typical reaction, lipase is immobilised into a medium in which transesterification can take place. 
General process conditions are 40°C, 700 rpm for 1 hour with an alcohol:oil molar ratio of 8.2 for 10g 
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of soybean oil (207). It has been found that the use of a methyl acetate reaction medium is beneficial, 
as an acyl acceptor increases the yield of ester from crude soybean oil to as high as 92%. Other 
solvent media used include water, hexane and petroleum ether (203). 
 
Current limitations of the lipase-based transesterification are the high cost of lipases, the deactivation 
of the enzymes by excess methanol, and the blocking of the immobilised enzyme by glycerol. 
Enzymatic methods are still experimental and have not been tested on an industrial scale (203). 
 
5.2.2.4 Supercritical alcohol transesterification 
 
Supercritical alcohol transesterification is a catalyst-free reaction which can be carried out with 
supercritical methanol.  Because of the lower dielectric constant of methanol in the supercritical state, 
methanol and oil mixtures form a single phase eliminating the problems of the biphasic nature of other 
transesterification reactions, thereby allowing the reaction to be completed in a short time (4 minutes) 
(203) and avoiding complicated separation processes. Furthermore, the presence of water content 
and free fatty acids, which produce negative effects in the alkali-catalysed transesterification due to 
soap formation, do not affect the ester yields in the supercritical methods, in which free fatty acids are 
converted to methyl esters (fatty acid methyl ester (FAME)) by esterification rather than taking part in 
saponification reactions (208). Although vegetable oils and waste cooking oils could easily be 
converted to biodiesel by this method the reaction conditions are drastic, requiring a temperature of 
350°C, a pressure of 430 bar and a methanol:oil molar ratio of 42:1 (209).  
 
5.2.3 Biodiesel production from a renewable source - waste 
cooking oil  
 
5.2.3.1 Source of waste cooking oil 
 
Waste cooking oil can be defined as “oil that is no longer suitable for food production”. Waste cooking 
oil originates from household, commercial and industrial sectors. In the UK, total waste cooking oil is 
estimated at 200,000 tonnes/year equivalent to 200 million litres of waste oil, of which, only 100,000 
tonnes/year is currently being collected for reuse and recycle (80,000 tonnes from the catering sector 
and 20,000 tonnes from food manufacturing) (198). Waste cooking oil of domestic origin is estimated 
to be 72,600 tonnes/year but there is no established collection infrastructure. Most of this waste is 
flushed into the sewerage system or disposed of in mixed municipal waste. In the EU, an estimated 
700,000-1,000,000 tonnes/year of waste cooking oil is collected for further treatment (210). 
  
Cooking oils are generally oils from vegetable or nut sources which contain high fat allowances and 
remain liquid at room temperature (211), with the majority being plant-derived (such as sunflower, 
rapeseed and palm).  The following sections describe the composition of virgin vegetable oils and the 
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chemical reactions that occur during frying, which alter the composition of the oils, to produce waste 
cooking oil.  
 
5.2.3.2 Composition of virgin vegetable oils 
 
Virgin vegetable oils (the precursor to waste cooking oil) are composed mainly of triglycerides, 
compounds formed from one molecule of glycerol backbone and three attached long-chain fatty acids. 
Figure 5-1 shows the chemical structure of a triglyceride, with the R’, R’’ and R’’’ groups representing 
the fatty acids that are bonded to the glycerol backbone.  
 
Figure 5-1 (a) General chemical structure of a triglyceride, (b) simplified diagram of a 
triglyceride structure 
 
Typical fatty acids found in vegetable oils include palmitic, stearic, oleic, linoleic and α-linolenic acids 
that differ primarily in their percentage composition (Table 5-1), where the lipid number is described in 
terms of the number of carbons (C) and the number of double bonds (D). 
 
5.2.3.3 Chemical reactions of frying process 
 
In the cooking process, oil is heated to 160-200°C in the presence of air, moisture and light.  In 
restaurants the same oil could be used for frying for several days. The reactions that the oil 
undergoes are highly complex due to the extent of variables of the type of oil, food substrate, and 
process conditions (212). The physical changes observed in vegetable oils after frying include: an 
increase in the viscosity; an increase in the specific heat; a change in the surface tension; an increase 
in the tendency of fat to foam; and a change in colour (213). 
 
Three types of reaction occur during frying, namely: (i) hydrolytic; (ii) oxidative; and (iii) thermolytic 
(212, 214-216). Table 5-2 summarises the products formed from each of these reactions as a result of 
the frying process. 
 
G
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c
e
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Fatty acid 
Fatty acid 
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Table 5-1 Fatty acid composition of common vegetable oils (217) 
Oil 
Fatty acid composition (%) 
[Lipid Number (C:D)] 
PalmiticA
cid 
(C16:0) 
Stearic 
Acid 
(C18:0) 
Oleic 
Acid 
(C18:1) 
LinoleicA
cid 
(C18:2) 
Linolenic 
Acid 
(C18:3) 
Corn 11 2 29 57 1 
Olive 10 2 76 10 1 
Palm 48 4 36 10 - 
Palm Kernel 
a
 8 3 15 2 - 
Peanut 9 3 58 23 - 
Rapeseed 3 2 26 17 10 
Soybean 9 4 24 54 8 
Sunflower 7 5 19 68 - 
                                  a
 Palm kernel oil is composed mainly of lauric acid (C12:0), 48%  
 
Table 5-2 Summary of compounds formed during frying (212) 
Reaction Causative agent New compounds 
Hydrolysis Moisture 
 Fatty acids 
 Diglycerides 
Oxidation Air 
 Oxidised monomeric triglycerides 
 Oxidised dimeric and oligomeric triglycerides 
 Volatile compounds (aldehydes, ketones, alcohols 
and hydrocarbons) 
Thermal 
alteration 
Temperature 
 Cyclic monomeric triglycerides 
 Isomeric monomeric triglycerides 
 Non polar dimeric and oligomeric triglycerides 
 
5.2.3.3.1 Hydrolytic reactions 
 
During the frying process, water present in food is converted into steam and triggers the hydrolytic 
(hydrolysis) reaction (Figure 5-2), in which the ester bonds of the triglyceride molecules of the 
vegetable oil are broken resulting in the formation of free fatty acids, glycerol, monoglycerides and 
diglycerides.  
 
Figure 5-2 Hydrolysis of triglycerides to free fatty acids and diglycerides (212) 
 
Because most of the food subjected to frying has a high moisture content, hydrolysis of oil is almost 
inevitable and represents the major reaction during frying. The change in oil composition can be 
quantified by measuring the monoglyceride and diglyceride contents. The free fatty acid formation 
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affects operational parameters such as a decrease in smoke point and a decrease in interfacial 
tension. The products - free fatty acid and diglycerides - are non-volatile compounds with relatively 
lower molecular weight compared to the starting triglycerides. The hydrolysis reaction of the oil during 
frying is not selective and, consequently, the free fatty acid composition is not predictable. 
 
5.2.3.3.2 Oxidative reactions 
 
In the presence of air and at high temperature, oxidation takes place, mainly by attacking at the 
double bonds of unsaturated fatty acids, to form hydroperoxides, as the primary product. The 
oxidation mechanism is a radical reaction (Figure 5-3) consisting of three stages: initiation, 
propagation and termination, with an alkyl radical being formed through the abstraction of a hydrogen 
radical from the unsaturated fatty acid (initiation), which reacts with oxygen to form a peroxy radical 
that reacts further with new triglycerides to form hydroperoxides and new alkyl radicals which continue 
to propagate the reaction chain (propagation). In the termination stage, two radicals interact to form 
non-polar dimers. Side reactions can result in the formation of hydroxyl-, keto-aldehyde, hydrocarbon 
compounds and other minor products.  
 
5.2.3.3.3 Thermolytic reactions 
 
As the temperature increases during frying, the solubility of oxygen decreases leading to thermolytic 
reactions in which triglycerides with saturated fatty acids are converted into a series of normal alkanes, 
alkenes, lower fatty acids, symmetric ketones, oxopropyl ester, CO and CO2. Under these conditions, 
unsaturated fatty acids form dimeric compounds such as dehydrodimers, saturated dimers and 
polycyclic compounds. Typical products formed in cooking oils at high temperatures and in the 
absence of oxygen are non-polar triacylglycerol dimers.  
 
Three main groups of non-volatile compounds are formed as a result of oxidation and thermolytic 
reactions which occur simultaneously (Figure 5-3) namely: (i) dimers and oligomers that have higher 
molecular weights than the starting triglycerides and are major products in used frying oil; (ii) oxidised 
monomers  (triglycerides with oxidised fatty acid groups formed by the interaction between triglyceride 
radicals and hydrogen or hydroperoxides) that have molecular weights similar to the starting 
triglycerides; and (iii) triglycerides containing short chain and volatile components, as products of 
decomposition of the alkoxyl radical, with lower molecular weights than the starting triglycerides.  
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Figure 5-3 Oxidation and thermolytic reaction of oil during frying (212) 
 
5.2.3.4 Waste cooking oil as a source of biodiesel 
 
Although waste cooking oils should be alternative feedstocks for biodiesel production, there are three 
factors that may have a negative impact on their conversion to biodiesel fuels. These are: (a) the 
formation of undesirable products such as free fatty acids arising from the hydrolytic reaction that 
affect the transesterification reaction, (b) the presence of unwanted reaction products, such as dimeric 
and polymeric fatty acid methyl esters, arising from transesterification reaction, and (c) the formation 
of oligomeric compounds during heating which increase the molecular mass and reduce the volatility 
and viscosity of the final fuel (214). In spite of these factors, however, waste cooking oil could be an 
attractive biodiesel feedstock even though, in particular, it has elevated levels of free fatty acids.  
 
 A number of studies have been carried out to investigate alternative methods to produce biodiesel 
from waste cooking oil, and among the strategies employed are: (i) pre-treatment methods to remove 
and/or convert free fatty acids into FAME prior to alkali-catalysed transesterification (218), and (ii) the 
use of acidic (219), enzymatic (220) and supercritical alcohol transesterification processes (208).  
 
When the level of free fatty acid in the waste cooking oil is approximately 1%, it is still possible to 
carry out alkali-catalysed transesterification, by the addition of extra alkali catalysts to neutralise the 
free fatty acids and convert them to soaps (221). This method can sometimes be applied to waste 
cooking oil with free fatty acid level as high as 5-6%, but only when no moisture is present.  In the 
presence of water, the maximum acceptable limit is 2-3% (221). 
 
When the level of free fatty acid in the feedstock exceeds 5%, it is more feasible to convert the free 
fatty acid into methyl esters, by pre-treatment methods prior to the alkali-catalysed transesterification 
process. In this process, direct acid-catalysed esterification of free fatty acids is carried out with 
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mineral acids and the resulting product can then be treated by alkali-transesterification. During the 
acid-catalysed esterification, the feedstock oil is partially converted into glycerides and FAME. 
Sulphuric acid is the preferred choice of acid as catalyst but the process does require a water removal 
mechanism during the reaction to keep the equilibrium toward the product side. A large amount of 
excess alcohol is required in this process, with molar ratios of between 20:1 and 40:1 (221). 
 
Three alternative approaches to dealing with high free fatty acid content are: (i) caustic acid stripping, 
(ii) hydrolysis, and (iii) glycerolysis, prior to the normal alkali-catalysed transesterification process 
(221). 
 
(i) Caustic stripping involves treating the oil with sodium hydroxide to convert the acids to soap 
which can be removed from the mixture. The product, after soap removal, can be then subjected to 
normal alkali-catalysed transesterification processes. 
 
(ii) Hydrolysis involves the free fatty acid content being converted into pure free fatty acid and 
glycerol, using acids such as sulphuric and sulfonic. The contaminant products are adsorbed by the 
glycerol and removed with the water effluent prior to the normal alkali-catalysed transesterification 
process. 
 
(iii) Glycerolysis involves the addition of glycerol to the feedstock at 200°C with zinc chloride to 
encourage the formation of mono- and di-glycerides from free fatty acids and glycerol. This reduces 
the level of free fatty acids in the mixture which can then be used in normal alkali-catalysed 
transesterification processes. Water which is a by-product of this pre-treatment step is evaporated at 
the end of the glycerolysis reaction. The drawback of this method, however, is the need for high 
temperature and long reaction times, of about 6 hours (221).  
 
5.3 Use of ionic liquids in esterification and 
transesterification reactions 
 
There are many examples of the use of ionic liquids in general esterification reactions and some work 
has been done on their use in the conversion of virgin oils to biodiesel. Aspects of the use of ILs, 
which have been typically the Brønsted acidic ILs, are reviewed in this section.  
 
5.3.1 Use of Brønsted acidic ILs in esterification reactions 
 
Brønsted acidic ILs have been used as dual solvent/catalyst media in Fischer esterification. The 
reactions give high yields of esters, as a separate layer from the IL which contains the water produced 
in the reaction medium and drives the equilibrium forward (165, 222-224). The use of ILs in the 
esterification process eliminates the problems of side reactions, corrosion and product isolation found 
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in conventional homogeneous acid catalyst reactions (165, 224-226). The process also eliminates the 
need for the use of volatile organic solvents to remove the water which is a product of the reaction 
(225, 227).   
 
One of the first reported uses of Brønsted acidic ILs as a dual solvent/catalyst systems for acid-
catalysed chemical reactions such as Fischer esterification, alcohol dehydrodimerization and the 
pinacol/benzopinacole rearrangement was made by Cole et al. (165) although use of a Lewis basic IL, 
1-butylpyridinium chloride-aluminium(III) choloride  had  been reported earlier by Deng et al. in 2001 
(228). Esterification reactions reported include the conversion of 1-octanol to octyl ether in Brønsted 
acidic ILs tethered with a sulfonic acid group that leads to minimal by-product formation and yields of 
16-56%, and of ethanol and acetic acid to form ethyl acetate with yields of up to 82%. Cole et al. also 
reported that recycling of the Brønsted ILs for up to five cycles did not reduce their catalytic 
performance and that the presence of by-product water in the ILs improved the catalytic activity and 
resulted in an increase in ester yield when compared to the dry IL catalysts. 
 
A number of studies have been carried out to investigate the performance of imidazolium-based ILs 
as a reaction medium for esterification reactions. Tang (225) reported the use of [HMIM][BF4] in the 
esterification of carboxylic acids, and satisfactory conversion rates and selectivities for esterification 
were obtained for all aliphatic acids. The length of the alkyl chain on the acid did not affect the 
catalytic activity of the IL (225), but esterification of aromatic acids resulted in lower yields. An 
advantage of using [HMIM][BF4] is that the synthesis of this IL is obtained relatively simply, by mixing 
1-methylimidazole and tetrafluoroboric acid. The esterification reaction did, however, require the use 
of a large amount of [HMIM][BF4] at a relatively high reaction temperature (110°C).  
 
The presence of various anions, in Brønsted imidazolium ILs, has been compared in terms of their 
catalytic activity. Bazureau and co-workers (224) studied esterification with imidazolium ILs with 
[HSO4]
-
, [H2PO4]
-
 and [PF6]
-
 anions and found that reactions with [H2PO4
-
] anion gave a lower catalytic 
activity than those with [HSO4
-
], and that the order of catalytic activity was [PF6]
-
 > [H2PO4]
-
 > [HSO4]
-
.  
A study by Halligudi and co-workers (229) established a similar trend in catalytic activity for the ILs 
containing [BF4]
-
, [PF6]
-
 and [PTSA]
-
 in the order: [PTSA]
-
 > [PF6]
-
 > [BF4]
-
.  Although it has been 
observed that Brønsted acidic ILs such as [HMIM][HSO4] and [HMIM][BF4] showed lower corrosion in 
steel samples than by conventional sulphuric acid (226), ILs with [BF4]
-
 or [PF6]
-
  are known to be 
unstable under aqueous and acidic conditions, leading to the release of HF (62). 
 
Nguyen and co-workers (230) used an imidazolium-based IL containing [BF4]
- 
anion in combination 
with the  [PTSA]
- 
 anion in the esterification of fatty C4-C18 alcohols and organic acids, via microwave 
synthesis to reduce the potential release of HF during the reaction, and ester yields of 87-95% were 
obtained.  
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Sun and co-workers (166) described the use of halogen-free sulfonic acid ILs including: 1-(4-sulfonic 
acid) butyl-3-methylimidazolium hydrogen sulfate,1-(4-sulfonic acid) butylpyridinium hydrogen sulfate 
and N-(4-sulfonic acid)butyl triethylammonium hydrogen sulfate for esterification of alcohols with 
carboxylic acids (Figure 5-4). The ILs were tested in the esterification reaction of ethanol and acetic 
acid to produce ethyl acetate, with yields of 77-99% under mild temperature conditions (60°C) and the 
reaction was completed in 4 hours. An IL/acid molar ratio of 0.02 was found to be effective in 
achieving high ester yields and increasing the ratio did not have any significant effects. Varying the 
cations of ILs also did not significantly impact the catalytic performance.  
 
Figure 5-4 (1) 1-(4-sulfonic acid) butyl-3-methylimidazolium hydrogen sulfate, (2) 1-(4-sulfonic 
acid) butylpyridinium hydrogen sulfate, and (3) N-(4-sulfonic acid) butyl triethylammonium 
hydrogen sulfate (166) 
 
A similar study on 1-(4-sulfonic acid)-butyl-3-methylimidazolium based ILs was conducted by Xia and 
co-workers (231) to compare the performance of SO3H-functionalised ILs with varying anions, 
including: [CF3SO3]
-
, [HSO4]
-
, [CF3CO2]
-
, [H2PO4]
- 
and [PTSA]
-
. High yields of esters were obtained 
with ILs containing anions [CF3SO3]
-
, [HSO4]
-
 and [PTSA]
-
, and the ILs with [CF3CO2]
-
 and [H2PO4]
-
  
showed low catalytic activity which may be explained by the weak acidity of trifluoroacetic acid and 
phosphoric acid (231). 
 
Li and Eli (232) described the synthesis of two novel Brønsted ILs based on an aromatic sulfonic acid 
group attached to the imidazolium or pyridinium cations for the esterification reactions (Figure 5-5). 
Use of these ILs achieved esterification of n-pentanoic acid with methanol at room temperature in 
high yields (95-99%), with a reaction time of 3 hours using a molar ratio of acid:alcohol:IL of 1:1:0.1. 
The yields of esters did, however, decrease with increasing carbon chain of aliphatic acids. 
 
Figure 5-5  Imidazolium- and pyridinium-based ILs with aromatic sulfonic acid groups 
 
The high melting pyridinium-based ILs, pyridinium methanesulfonate and pyridinium p-
toluenesulfonate, have been investigated in the esterification processes by Ganeshpure and Das 
(Figure 5-6) (233). 
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(a)   (b) 
 
Figure 5-6 (a) Pyridinium methanesulfonate and (b) pyridinium p-toluenesulfonate (233) 
 
In other studies, Ganeshpure and co-workers (222, 223) investigated the effect of anions ([HSO4]
-
, 
[H2PO4]
-
 and [BF4]
-
) on the esterification reaction, using alkylammonium ILs.  High yields of ester were 
obtained with the [HSO4]
-
 anion, with [H2PO4]
- 
or [BF4]
-
 anions showing poor catalytic activity. It has 
also been observed that large cation size leads to the decrease in ester yield as a result of lower 
water solubility in these ILs (223). 
 
McNulty (227) reported the esterification of carboxylic acids through carboxylate alkylation in 
phosphonium ILs, in which an alkylating agent is added to the carboxylic acid in a dipolar aprotic 
solvent in the presence of a base. The authors reported the successful esterification of propanoic acid 
in 1-bromooctane in the phosphonium IL (trihezyl)tetradecyl-phosphonium bis-triflamide, containing 
diisopropylethyl amine (Hunig’s base) (227):  
 
 
A survey of the literature indicates that there are advantages of using Brønsted ILs in general 
esterification reactions.  These include: 
 
 The reaction can be carried out without the use of volatile organic solvents; 
 High conversion rates and selectivity can be achieved in esterification reactions; 
 Esterification reactions can be carried out at low temperature; 
 Esterification reactions can be carried out with short reaction times; 
 Good product yields can be achieved; 
 Liquid ester products form biphasic systems with the IL catalyst phase; 
 Water produced in the esterification reactions does not need to be removed from the system; 
 The ILs can be directly reused after removal of water from the IL phase. 
 
5.3.2 Use of Brønsted acidic ILs in biodiesel production 
 
In recent years, work has been carried out on the use of Brønsted acidic IL catalysts in the 
transesterification of virgin vegetable oils to give a biodiesel.  
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Seddon and co-workers showed that stable ILs with Brønsted acid or base functionality can be used 
as solvent and catalyst in both acid- and base-catalysed transesterification of  vegetable oils and 
animal fats to produce biodiesel in a patent in 2006 (234), and in a paper in 2009 (235). In their work 
they showed that the resulting biodiesel forms a biphasic layer with the IL, glycerol and methanol, 
allowing easy product separation and recycling of the IL catalyst. A reaction temperature of 120°C 
was required to obtain a product yield of 95% in acid-catalysed transesterifcation of 0.5 g of lard with 
1.0 g of methanol and 0.25 g of IL catalyst when the reaction mixture was heated in a microwave 
reactor and under pressure for 30 minutes.  
 
Esterification of vegetable oil derived fatty acids (Priolene™ 6927 or rapeseed oil) was carried out in 
only Brønsted acidic ILs. Reactions were not possible in Brønsted basic ILs because of the 
saponification reaction which inactivates the catalyst. The reaction proceeded at room temperature for 
144 hr to achieve 90% yield with 1% mol [EMIM][HSO4] catalyst, and 98% with 5% mol [EMIM][HSO4] 
catalyst. The resulting FAME product remained in a separate layer from methanol, water and IL 
catalyst, where product can be easily separated.  
 
Seddon and co-workers also showed that recycling of ILs can be achieved through warm air stripping 
to remove methanol and vacuum distillation or solvent extraction to remove glycerol. They also made 
a suggestion on the of an IL system  that forms a triphasic system with biodiesel and glycerol (235).  
 
The next reported use of Brønsted acidic ILs was by Wu et al. who used Brønsted acidic ILs with 
alkane sulfonic acid groups on the cations  in the transesterification of cottonseed oil (169), Among 
the three types of cations tested (imidazolium, pyridinium and ammonium), 1-(4-sulfonic acid) 
butylpyridinium hydrogen sulfate showed the highest catalytic performance which can be attributed to 
its strong Brønsted acidity. The same group later reported the use of this IL catalyst in the preparation 
of biodiesel from waste oils with varying fatty acid content, resulting in different percentage yields of 
FAME conversion (Table 5-3) (170). The optimum conditions for the transesterification were: a 
temperature of 180°C; a reaction time of 4 hours and a methanol:oil:IL molar ratio of 12:1:0.06. They 
also reported that the IL could be reused 9 times with only a slight decrease in ester yields.  
 
Table 5-3 Yields of FAMEs from different types of oils with varying fatty acid contents (170)  
Oil type 
Fatty acid content 
(wt %) 
Yield of FAME 
(wt %) 
Cottonseed oil 2.2 45.0 
Swill oil 35.5 58.5 
Sewer oil 40-50 66.5 
Soybean oil sediment 62 72.1 
Acidic oil 84 78.0 
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Yang and co-workers (236) conducted a study on the conversion of pure soybean oil into biodiesel, 
with a yield of over 98%, using chloroaluminate IL as catalysts However, the reaction took 9 hours 
and a methanol:oil molar ratio of 12:1 was required.  It should also be noted that chloroaluminate ILs 
are known to be unstable in the presence of moisture. Nevertheless, the authors claimed to have 
successfully recycled the IL for 6 times without a decrease in yield when water content of the raw oil 
was under 10,000 ppm and with the acidity of less than 15 mg KOH/g (236). 
 
Xian and co-workers (237) reported the esterification of free fatty acids and alcohols in N-methyl-2-
pyrrolidonium methyl sulfonate (Figure 5-7) to produce fatty acid methyl esters (biodiesel), and also 
reported on a comparison of the catalytic performance of different ILs for the esterification of oleic 
acid and ethanol. It was found that esterification proceeded in the IL catalysts at room temperature 
with reaction times of about 8 hours, and all of the IL catalysts achieved higher yields than those 
obtained with traditional catalysts (H2SO4 and CH3SO3H), with catalytic activity of imidazolium-based 
ILs being in the order: [CH3SO3]
-
 > [PTSA]
-
 > [H2PO4]
- 
> [BF4]
-
 (237). This was explained in terms of 
the difference in acidic intensity of each anion. The stronger the acid used in the preparation of ILs, 
the higher the acidity of the obtained IL (237). In terms of cationic influence, the imidazolium-based IL 
(1-methyl-3-(3-sulfopropyl)-imidazolium methyl sulfate) had higher catalytic performance than the 
pyridinium counterpart (237). 
 
Figure 5-7 N-methyl-2-pyrrolidonium methyl sulfonate  
 
A molar ratio of ethanol to oleic acid of 2:1 was used for the 8-hour esterification and the amount of IL 
for optimum oleic acid conversion was found to be 10 wt.% (237). The esterification of a mixture of 
fatty acids and free fatty acids from hydrolysed soybean oil were also tested in this study using 
[NMp][CH3SO3].  
 
Other reported uses of ILs in biodiesel production include: i) use of ILs as reaction media for lipase-
catalysed transesterification of soybean oil (238); and ii) use of ILs containing acid or base catalyst, or 
metal complexes in a biphasic catalytic transesterification of soybean oil (239, 240). 
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5.4 Investigation of the potential for ILs in the extraction and 
esterification of free fatty acids in a “one-pot” reactor 
 
5.4.1 Introduction 
 
The work described in section 5.3 on the use of ionic liquids in esterification and transesterification 
reactions showed that IL systems can be used in biodiesel production from triglyceride and fatty acids 
derived from animal and plant sources as dual solvent/catalyst media. The significant work of 
Seddon’s group (234, 235) in particular showed that an important beneficial feature of IL systems is 
the biphasic nature of the reaction product which separates  the biodiesel product as a separate layer 
from the ionic liquid which contains the water produced in the reaction along with any unused 
methanol reagent. This work, however, was carried out on single fat or oil phases such as lard or pure 
vegetable oil fatty acids.   
 
Since the aim of the work described in this thesis is to use IL methodologies to recover added-value 
components from food and food-related waste any system must be capable of dealing with recovery 
of value from waste streams such as used vegetable oils. In particular, the presence of free fatty acids 
in waste cooking oils (see section 5.2.3) at levels higher than would be tolerated by normal biodiesel 
production reactions is a problem that has to be overcome to enable IL methods to be used for 
conversion of this waste to biodiesel. The purpose of the work described in this chapter is to develop 
a one pot extraction and subsequent reaction methodology for IL based biodiesel synthesis in which a 
mixed IL system can be used not only as a solvent/catalyst system but as a total 
extractant/solvent/catalyst/ reaction system with a particular aim of converting free fatty acids from 
used vegetable oils to biodiesel. 
 
Fundamental to the development of a “one-pot IL system” the research described in this chapter 
focuses on: 
(i) Identification of suitable ILs as extractants for fatty acids and as catalysts for esterification 
reactions; and 
(ii) Preparation of a simulated waste cooking oil and trialling its conversion to fatty acid 
methyl esters (biodiesel) using a novel IL mix, as extractant and esterification catalyst. 
 
5.4.2 Identification of suitable ILs for extraction and 
esterification of fatty acids 
 
A series of methodologies were adopted to select and verify appropriate ILs for extraction and 
esterification of fatty acids. The first step was to choose ILs for the selective extraction of fatty acids 
from a mixed system of vegetable oils and fatty acids, where the IL extracts one or the other, but not 
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both. The second step was to choose ILs, as catalysts, for esterification of the fatty acid to biodiesel. 
Each step involved an IL selection process followed by a verification process to ascertain the 
suitability of the IL in either extraction or esterification. Finally, ILs selected from the first and the 
second steps were combined to produce an “IL mix” which was then verified for suitability for 
extraction and esterification of free fatty acids. 
 
5.4.2.1 Materials Used 
 
Palm oil was selected as an example of a vegetable oil because it is: (i) the most prevalent and most 
consumed vegetable oil in the world (241); and (ii) a potential feedstock for biodiesel (fatty acid methyl 
esters) production. 
 
For the fatty acid extraction trials acidified palm oil was produced by the addition of palmitic acid to the 
pure palm oil (purchased from itselixir Ltd. (www.itselixir.com)) in order to increase the free fatty acid 
content available for extraction.  
 
In the esterification trials, four fatty acids (palmitic, stearic, oleic and linoleic acid) were used with 
methanol to obtain fatty acid methyl esters. Fatty acids and methanol were purchased from Acros 
Organics. ILs were prepared according to the procedure described in Section 2.2.2.2.  
 
5.4.2.2 Suitability of ILs for selective extraction of fatty acids  
 
Solubility testing 
 
A methodology was adopted to test the solubility of the fatty acids (palmitic, stearic, oleic and linoleic 
acid) and vegetable oils (palm, sunflower and rapeseed oil) in the eight ILs reported in Chapter 2. The 
conditions involved heating the solute (10mg) in the IL (1g) at 80
o
C in a Heat-On™ block and the 
solubility value, where appropriate, determined by adding 10mg of solute to the IL, heating and stirring 
for 20 minutes until the solution became saturated. The choice of IL for the selective extraction of fatty 
acids from a mixed system of vegetable oils and fatty acids was based on its ability to solubilise one 
of the components but not both.  
 
Selective extraction of palmitic acid from simulated acidified palm oil 
 
To test the selective extraction capability of the ILs an acidified palm oil model system was prepared 
based on palmitic acid.  
 
The model system, a simulated acidified palm oil, formed from a 1:1 mass ratio mixture of food-grade 
pure palm oil and palmitic acid, was stirred and heated at 63°C (the melting point of palmitic acid) to 
obtain a homogeneous liquid – the acidified palm oil. The acidified palm oil (10 g) was then added to 
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the IL (5 g), with heating and stirring in water bath at 80°C for 1 hr. The mixture was then transferred 
into a pre-heated separatory funnel where it was allowed to settle into layers. A heat gun was used to 
maintain the temperature of the funnel above 63°C. The IL+palmitic acid layer, which settled at the 
bottom of the funnel, was transferred into a conical flask and the palm oil layer (the treated palm oil) in 
the upper layer was then transferred to a separate flask.  Palmitic acid was precipitated from the 
IL+palmitic acid mixture, by addition of water, according to the procedure described in Chapter 4, 
whilst the treated palm oil was washed with water to remove any residual IL. The washings from both 
samples were combined for further recovery of IL.  
 
The recovered palmitic acid, the treated palm oil and the recovered IL were dried in the rotary 
evaporator to remove residual water. The recovered IL was further washed with ethyl acetate (3x50ml) 
to remove residual palmitic acid and palm oil and dried again in the rotary evaporator. 
 
Acidified palm oil, recovered palmitic acid, treated palm oil and the recovered IL were characterised 
by TG-DSC, FTIR and TLC, according to the procedure described in section 2.3, and compared with 
the characteration data of palm oil, palmitic acid and the IL in their pure forms. The recovered palmitic 
acid was also analysed by GC-MS using a Thermo Scientific GC-MS consisting of a DSQII mass 
spectrometer, Trace GC Ultra gas chromatograph and a TriPlus autosampler. The column used was a 
Thermo Scientific TR-5MS SQC column (5% phenyl polysilphenylene siloxane). The dimensions are 
15M x 0.25 mm internal diameter x 25um film thickness. The GC method involved the injection of the 
sample (1μL) with a split ration of 20:1 through a programmable temperature vaporising heated 
injector at 50°C and the temperature was held for 0.2 min. The injector was then ramped at 10°C/sec 
to a maximum of 350°C where it was maintained for 0.5 min. The oven temperature was pre-set at 
50°C. After 1 minute at 50°C, the oven was heated at 3°C/min to 300°C where it was maintained for a 
further 5 min. The carrier gas was helium with flow rate of 1.2ml/min. Transfer line temperature was 
300°C. The positive-mode chemical ionisation technique was used with ammonia as the reagent gas. 
Source temperature was 170°C with electron energy of 50 eV and mass range of 50-650 Daltons. 
 
Sample preparation for GC-MS analysis involves dissolving the sample (15 mg) in methanol (250μl) 
and the solution (10 μl) further diluted in 300 μl of methanol. 
 
Acid values were determined for pure palm oil, acidified palm oil and treated palm oil using the acid 
value determination method according to the guidelines of the BSI method, EN ISO 660:2000 Animal 
and vegetable fats and oils – Determination of acid value and acidity. A description of the analytical 
method is presented in Appendix H.  
 
5.4.2.3 Suitability of ILs for esterification of fatty acids 
 
Based on the need for the presence of acidic moiety on IL cations and anions, Brønsted acidic ILs 
were identified and tested as potential IL catalysts. To test the catalytic activity of the ILs, the 
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esterification of palmitic acid to obtain the fatty acid methyl ester (FAME) was trialled. A mixture of 
palmitic acid (0.02 M, 5.13g), methanol (0.1 M, 4.1 ml) and the IL catalyst (0.008 M, 2.53 g for 
SMIMHSO4 and 2.51g for SPyrHSO4) were placed in a round bottom flask, heated and stirred under 
reflux at 80°C for 4 hours, and allowed to cool and settle out into layers. Methyl palmitate, which 
remained in the upper layer with the methanol, was separated by simple decanting. The bottom layer 
consisting of the IL was washed with ethyl acetate to remove residual methyl palmitate. Both the 
methyl palmitate and the recovered IL were dried separately in the rotary evaporator to remove 
residual methanol, reaction water and ethyl acetate respectively. Methyl palmitate was further purified 
by washing with a 3M solution of NaOH to remove unreacted palmitic acid followed by a final washing 
with water before being dried in the rotary evaporator. 
 
Both methyl palmitate and the recovered IL were analysed by FTIR and TG-DSC according to the 
procedure described in section 2.3. 
 
5.4.2.4 Suitability of an IL mix for extraction and esterification of fatty 
acids 
 
There are no literature reports on the use of a combination of an ionic liquid, suitable for the extraction, 
with another IL suitable for the esterification of fatty acids, to achieve extraction and subsequent 
catalytic esterification and product and IL recovery from a one-pot system. To ensure that the 
properties of the IL mix were preserved and that neither of the ILs present inhibited the activity of the 
other the IL mix was subjected to solubility testing and esterification of fatty acids to determine the 
capability of IL mix to act as both extractant and catalyst. 
 
The IL mix was prepared as a 1:1 molar ratio of the two ILs and tested for: (i) solubility; (ii) 
esterification of single fatty acids; and (iii) esterification of mixed fatty acids.  
 
As a first step, the solubilities of the individual fatty acids (palmitic, stearic, oleic and linoleic acids) 
and their corresponding methyl esters of palmitic, stearic, oleic and linoleic acids were separately 
tested in the IL mix, using the procedure described in Section 5.4.2.2. 
 
As a second step the individual fatty acids (palmitic, stearic, oleic and linoleic acid) were esterified 
separately with methanol in the IL mix using conditions and molar ratios set out in Table 5-4. 
Following the reaction, the fatty acid methyl ester was separated from the IL mix by simple decanting. 
The purification of methyl ester products and recovery of the IL mix followed the procedure described 
in Section 5.4.2.3.   
 
CHAPTER 5         Pajaree Kewcharoenwong 
 
221 
Table 5-4 Reaction conditions for esterification of single fatty acids in IL mix 
Fatty acid 
Molar ratio (mol) 
Esterification conditions Fatty acid Methanol 
IL mixture 
mol g mol ml 
Palmitic acid 0.02 5.13 0.1 4.1 
0.008 mol each 
HPyrBr/SMIMHSO4 
(1.95g/2.53g) 
or 
HPyrBr/SPyrHSO4 
( 1.95g/2.51g) 
In each reaction, reflux at 
80°C for 4 hours under air 
Stearic acid 0.02 5.69 0.1 4.1 
Oleic acid 0.02 5.65 0.1 4.1 
Linoleic acid 0.02 5.61 0.1 4.1 
Reflux at 20°C (r.t.), 30°C, 
60°C and 80°C under N2 
atmosphere 
 
All of the fatty acid methyl ester products were characterised by FTIR, TG-DSC, HNMR, Mass 
Spectrometry, TLC and CHN analysis and the recovered IL mix was analysed by FTIR and TG-DSC. 
 
As a third step a mixture of fatty acids was created, to simulate a mixture of fatty acids that would co-
exist in, for example, a waste cooking oil, and tested for esterification using the IL mix according to 
the conditions and molar ratios given in Table 5-5.  
 
Table 5-5 Reaction conditions for esterification of mixed fatty acids in IL mix 
 
Fatty acid used in 
the mixture 
Molar ratio 
Esterification 
conditions 
Fatty acid Methanol 
IL mixture 
mol g mol ml 
Palmitic acid Mix of 
0.005 
mol 
each 
1.28 
0.1 
mol 
4.1 
0.008 mol each 
HPyrBr/SMIMHSO4 
(1.95g/2.53g) 
Reflux at 30°C for 4 
hours under N2 
atmosphere 
Stearic acid 1.42 
Oleic acid 1.41 
Linoleic acid 1.40 
 
At the end of the reaction, the mixed fatty acid methyl esters were separated from the IL mixture by 
decanting. Purification of the resulting FAMEs followed the same procedure described in Section 
5.4.2.3. The resulting FAME mixture was characterised by TG-DSC, FTIR, TLC and GC-MS. 
 
The conditions used for the GC/MS(CI
+
) analysis is described in Section 5.4.2.2 while sample 
preparation involved dissolving the sample (15 mg) in hexane (250μl) and the solution (10 μl) further 
diluted in 300 μl of methanol. 
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5.4.3 Results and discussion on the identification of suitable 
ILs for extraction and esterification of fatty acids 
 
5.4.3.1 Suitability of ILs for selective extraction of fatty acids  
 
Two experiments were conducted to select and verify appropriate ILs for selective extraction of fatty 
acids: (i) solubility testing of fatty acids and vegetable oils in ILs and; (ii) palmitic acid extraction trial 
on acidified palm oil.   
 
Solubility testing  
 
Results of solubility of fatty acids and vegetable oils in ILs at 80°C are shown in Table 5-6. HPyrBr, 
BMIMCl and HMIMBr were identified as suitable fatty acid extracting ILs because they dissolve all 
fatty acids but are not miscible with any vegetable oils.  
 
From the results presented in Chapter 4 BMIMCl was found to be the least effective IL as it did not 
enable a clear phase layer to effect the separation of the fatty acids from the single component 
system. For the development of an appropriate IL mix to selectively extract the fatty acid from, for 
example, waste cooking oil, which would have a high composition of starch, the selection of the most 
suitable IL was based on the selective capability of the IL to extract only fatty acid and not starch. 
HPyrBr was chosen as the most suitable IL for the selective extraction of palmitic acid from acidified 
palm oil as it does not dissolve starch but dissolve fatty acids in high concentrations.  
 
Extraction of palmitic acid from acidified palm oil 
 
Acidified palm oil was produced by addition of palmitic acid in order to increase the free fatty acid 
content available for extraction. The ability to extract palmitic acid from the acidified palm oil would 
provide a good model system that resembles the extraction of free fatty acids from a real organic 
waste, such as waste cooking oil, which, on continuous heating in the presence of moisture and other 
food compounds, leads to the auto-oxidation of triglycerides and the release of free fatty acids. The IL, 
HPyrBr was tested for its ability to extract palmitic acid from the simulated acidified palm oil.  
 
Characterisation data were recorded for the starting materials, as reference (pure palm oil and 
acidified palm oil in this chapter, and palmitic acid, in Chapter 4) and the recovered materials (palmitic 
acid, treated palm oil and the IL, HPyrBr) using a combination of FTIR spectroscopy, GC-MS, TG-
DSC, TLC and acid determination. 
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(i) Characterisation of starting materials 
 
Pure palm oil is made up of triglycerides which contain alkyl chains, C=O and C-O groups and all of 
these functional group vibrations are observed in the FTIR spectrum (Figure 5-13). The peaks at 2924 
and 2854 cm
-1
 represent asymmetric and symmetric stretch vibration of CH2 respectively. The peak at 
1747 cm
-1
 shows the presence of stretch C=O group which is characteristic of C=O bond on the 
triglycerides. The peak at 1466 cm
-1
 is due to scissoring band of CH2. The peak at 1165 cm
-1
 is 
representative of C-O group.  
 
The TG-DSC profile for pure palm oil (Figure 5-14) shows two endotherms, for the melting point (30°C) 
and decomposition (420°C) of palm oil with the onset decomposition temperature at 380°C. 
 
The TLC of pure palm oil yielded a single spot with an Rf value of 0.6 (based on a solvent system of 
5:2 vol/vol petroleum ether to ethyl acetate). From the acid determination, the acid value and acidity of 
pure palm oil were 0.79mg/g (expressed in KOH) and 0.37% by mass (expressed in palmitic acid) 
respectively.  
 
Acidified palm oil is made up of a 1:1 mass ratio of pure palm oil and palmitic acid. The FTIR 
spectrum of acidified palm oil (Figure 5-8) showed functional group vibrations present in both palmitic 
acid and pure palm oil. They are at 2800-3000 cm
-1
 (asymmetric and symmetric stretch vibration of 
CH3 and CH2 of palm oil and palmitic acid); 1747 cm
-1 
( C=O stretch of palm oil), 1709 cm
-1 
(C=O 
stretch of palmtic acid), 1466 cm
-1
 (scissoring band of CH2 of palm oil and palmitic acid), 1410-1200 
cm
-1 
(C-O and CH2 bands of palmitic acid), 1165 cm
-1 
(C-O stretch of palm oil), and 937 cm
-1 
(OH out 
of plane of palmitic acid).   
 
The TG-DSC profile of acidified palm oil (Figure 5-9) shows three endotherms indicating the melting 
point of palmitic acid (60°C) and the decomposition of palmitic acid and palm oil at 270°C and 420°C 
respectively. The calculated Rf values of 0.49 and 0.68 (based on a solvent system of 5:2 vol/vol 
petroleum ether to ethyl acetate) corresponding to the palmitic acid and palm oil. The acid value and 
acidity for the acidified palm oil are 132.90mg/g and 60.65% by mass.  
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Figure 5-8 FTIR spectrum of acidified palm oil (pure palm oil and palmitic acid in a 1:1 mass 
ratio), obtained in neat melted liquid using NaCl discs in 100 scans with a resolution of 8 cm
-1 
 
 
Figure 5-9 TG-DSC of acidified palm oil (pure palm oil and palmitic acid in a 1:1 mass ratio). 
Heating programme: 10°C/min from 20-700°C in alumina crucible in N2 atmosphere at a flow 
rate of 50ml/min with aluminium oxide reference (data point interval of 5 seconds). This profile  
shows a melting point at 60°C and major decomposition at 270°C and 420°C. 
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Table 5-6 Solubility of various vegetable oils and fatty acids in ILs 
IL 
Vegetable oils Fatty acids 
Fatty acid 
extractability 
Palm 
oil 
Sunflower 
oil 
Rapeseed 
oil 
Palmitic 
acid 
Stearic 
acid 
Oleic 
acid 
Linoleic 
acid 
HPyrBr Insoluble Insoluble Insoluble Soluble
a
 Soluble
a
 Soluble
a
 Soluble
a
 Suitable 
“CMIMBr” Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Unsuitable 
PMIMBr Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Unsuitable 
BMIMBr Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Unsuitable 
HMIMBr Insoluble Insoluble Insoluble Soluble
a
 Soluble
a
 Soluble
a
 Soluble
a
 Suitable 
BMIMCl Insoluble Insoluble Insoluble Soluble
a
 Soluble
a
 Soluble
a
 Soluble
a
 Suitable 
SMIMHSO4 Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Unsuitable 
SPyrHSO4 Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble Unsuitable 
a
 Solubility of fatty acids in ILs is more than 1 g/g of IL used. 
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(ii) Characterisation of recovered materials 
 
Extracted Palmitic acid was analysed by FTIR, TG-DSC and GC-MS. The FTIR spectrum (Figure 
5-10) is in excellent agreement with that of pure palmitic acid.  
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Figure 5-10 FTIR spectrum of extracted palmitic acid from acidified palm oil (black) compared 
to reference pure palmitic acid spectrum (red), obtained in solid KBr disc in 100 scans with a 
resolution of 8 cm
-1
 
 
The TG-DSC profile of recovered palmitic acid (Figure 5-11) shows two endotherms at 60°C and 
260°C which are corresponding to the melting and decomposition of pure palmitic acid, respectively. 
 
Figure 5-11 TG-DSC profile of recovered palmitic acid from acidified palm oil using HPyrBr as 
extractant. Heating programme: 10°C/min from 20-700°C in alumina crucible in N2 atmosphere 
at a flow rate of 50ml/min with aluminium oxide reference (data point interval of 5 seconds). 
This profile  shows  a melting point of 60°C, major decomposition at 260°. 
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The gas chromatogram and (CI
+
) mass spectrum (Figure 5-12 (a) and (b)) of extracted palmitic acid 
confirm the sample to be pure palmitic acid, as evidenced by a single elution of the compound at 
retention time 6.75 min (Figure 5-12 (a)) and a recorded molecular weight of [M+NH4] = 274.2 (Figure 
5-12 (b)) corresponding to the molecular weight of palmitic acid. The results confirm the successful 
selective extraction of the pure fatty acid using HPyrBr as the extractant IL. 
 
 
(a) 
 
(b) 
Figure 5-12 GC-MS of extracted palmitic acid (in methanol): (a) chromatogram of recovered 
palmitic acid (retention time = 6.76 min); and (b) positive-mode CI mass spectrum of palmitic 
acid ([M+NH4] = 274.2) at retention time 6.76 min.  (Instrumental parameters: Injection volume = 
1µL; Split ratio =20:1; Injector heating program = 50°C for 0.2 min and ramped at 10°C/sec to 
350°C and held for 0.5 min; Oven heating program = 50°C for 1 min and ramped at 3°C/min to 
300°C and held for 5 min; carrier gas = helium (1.2 ml/min; transfer line temperature = 300°C; 
source temperature = 170°C; ionisation gas = ammonia; electron energy = 50 eV) 
 
Treated-palm oil was recovered and analysed by FTIR spectroscopy and TG-DSC. The FTIR 
spectrum of treated palm oil is in excellent agreement with that of pure palm oil (Figure 5-13), without 
any characteristic absorption bands of palmitic acid at 1400-1200 and 937 cm
-1
 which can be seen in 
the spectrum of acidified palm oil (Figure 5-8). The TG-DSC profile of treated palm oil (Figure 5-14) 
shows two endotherms at 30°C and 420°C corresponding to the melting point and boiling points of 
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pure palm oil. No endotherm at 60°C and 260°C was detected confirming the absence of palmitic acid 
in the treated palm oil. The TLC of treated palm oil shows a single spot with Rf value of 0.6 which 
matches that of pure palm oil confirming the complete removal of palmitic acid from the acidified palm 
oil.  
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 Figure 5-13 FTIR spectrum of HPyrBr-treated palm oil compared to pure palm oil, obtained in 
neat melted liquid using NaCl discs in 100 scans with a resolution of 8 cm
-1
 
 
Figure 5-14 TG-DSC of HPyrBr-treated palm oil after palmitic acid extraction compared to pure 
palm oil. Heating programme: 10°C/min from 20-700°C in alumina crucible in N2 atmosphere at 
a flow rate of 50ml/min with aluminium oxide reference (data point interval of 5 seconds). This 
profile shows a melting point of 30°C and major decomposition occurs at 420°C. 
 
Recovered HPyrBr was analysed using FTIR and TG-DSC. The FTIR of the recovered HPyrBr 
compared well with the pure HPyrBr spectrum (Figure 5-15). The TG-DSC profile shows melting, 
onset decomposition and major decompsotion temperatures at 50°C, 230°C and 260°C, respectively; 
all of which are consistent with the thermal behaviour of pure HPyrBr shown in Chapter 2, thus 
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confirming good recovery of HPyrBr and its potential as recyclable extractant in this system to create 
a closed-loop process. 
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Figure 5-15 FTIR spectrum of recovered HPyrBr after extraction of palmitic acid from acidified 
palm oil, obtained in neat liquid using NaCl discs in 100 scans with a resolution of 8 cm
-1 
 
 
Summary: Suitability of ILs for selective extraction of fatty acids 
 
The ionic liquid HPyrBr is thus shown to be a suitable IL for fatty acid extraction, as demonstrated by 
the extraction trial of palmitic acid from acidified palm oil. Acidified palm oil was produced in order to 
simulate the system resembling waste cooking oils which contain elevated levels of free fatty acids. 
The ability to extract palmitic acid from acidified palm oil provides a preliminary model system for 
extraction of free fatty acids from real waste cooking oils.   
 
5.4.3.2 Suitability of ILs for esterification of fatty acids  
 
SMIMHSO4 and SPyrHSO4 contain the acidic anion (HSO4)
-
 and acidic moiety on the cation (-HSO3) 
which makes them Brønsted acidic ILs, as reported  by Seddon and his co-workers in the 
esterification and transesterification described in Section 5.3. On this basis coupled with the reported 
uses of these two ILs in esterification reactions of fatty acids (166, 231, 234), SMIMHSO4 and 
SPyrHSO4, were selected as the most suitable IL catalysts for the study and were used, separately, to 
esterify palmitic acid.  
 
The esterification reactions on palmitic acid, carried out in this work, proceeded at 80°C. Palmitic acid 
has a melting point of 63°C and this reaction temperature enhanced the dissolution of palmitic acid in 
methanol and IL catalyst. Carrying out esterification reaction at room temperature was possible but 
this would increase the reaction time required to dissolve palmitic acid in the system.  
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The molar ratio of fatty acid:alcohol:IL catalyst used in the esterification of palmitic acid was 
0.02:0.1:0.008. Excess methanol was essential in achieving high ester yield as esteriifcation is a 
reversible reaction. A five-fold excess was sufficient to achieve high yields under the specified 
conditions in this experiment.   
 
Following the esterification reaction two layers formed, with the product (methyl palmitate) remaining 
in the upper layer and the IL mixed with water and methanol remained in the lower layer (Figure 5-16), 
which is in agreement wih previous reports (234, 235). This allowed simple separation of the ester 
product from the IL catalyst for recovery and analysis. Methyl palmitate was obtained in high yield 
from both the SMIMHSO4-catalysed (90%), and SPyrHSO4-catalysed (85%) esterification reactions. 
High catalytic activity of SMIMHSO4 and SPyrHSO4 is attributed to the sulfonic acid functional group 
on the cation and acidic anion HSO4. Furthermore, the water by-product is miscible with IL phase 
which drives the reversible esterification reaction toward the product side. Comparisons of yields and 
reaction parameters for IL-catalysed esterification of palmitic acid from different studies are provided 
in Table 5-7. 
 
Table 5-7 Comparison of yields from esterification of palmitic acid from different studies 
Entry Alcohol ILs 
Molar ratio 
Feed:alcohol:IL 
Temp 
(°C) 
Time 
(hr) 
Yield 
(%) 
Ref 
1 MeOH SMIMHSO4 0.02:0.1:0.008 80 4 90 - 
2 MeOH SPyrHSO4 0.02:0.1:0.008 80 4 85 - 
3 MeOH SMIMCF3SO3 0.05:0.2:0.00025 80 6 84 (231) 
4 MeOH BSMIMHSO4 1:1.5:0.1 25 4.5 90.4 (232) 
5 MeOH BSPyrHSO4 1:1.5:0.1 25 4.5 92.5 (232) 
6 EtOH [NMP]CH3SO3 1:2:0.213 70 8 94.2 (237) 
Note: [NMP]CH3SO3= N-methyl-2-pyrrolidonium methyl sulfonate 
BSMIMHSO4 = 1-(benzyl sulfonic acid) methyl-3-methyl imidazolium hydrogen sulfate 
BSPyrHSO4 =1-(benzyl sulfonic acid) pyridinium hydrogen sulfate 
 
The results shown in Table 5-7 show that the yields of methyl palmitate achieved in this study are 
comparable to the other values reported.  
 
To determine the effectiveness of the catalytic capability of the ILs characterisation data were 
recorded for the recovered materials: methyl palmitate and the ILs, SMIMHSO4 and SPyrHSO4, using 
a combination of FTIR spectroscopy, and TG-DSC. The characterisation data and their interpretation 
are included in the following sections.  
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Figure 5-16 The mixture of SMIMHSO4 and methanol (bottom layer) with methyl palmitate (top 
layer) at the end of esterification reaction of palmitic acid 
 
Characterisation of recovered materials 
 
Methyl palmitate consists C=O, C-O, CH3 and CH2 aliphatic. The strong intensity peaks at 2950, 
2924 and 2854 cm
-1 
represent asymmetric stretch CH3, asymmetric stretch CH2 and symmetric stretch 
CH2 vibration respectively. The peak at 1742 and 1150 cm
-1
 are due to the stretch C=O bond and C-O 
bond. Bending and wagging CH2 shows their vibrations at wavenumbers 1462 and 1380 respectively. 
The peak at 721 cm
-1 
is due to rocking CH2 band (242). The FTIR spectra of the product derived from 
both SPyrHSO4- and SMIMHSO4-catalysed reactions are consistent with the functional groups 
present in methyl palmitate (Figure 5-17). 
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Figure 5-17 FTIR spectra of methyl palmitate catalysed by SPyrHSO4 (red) and by SMIMHSO4 
(black) compared to pure methyl palmitate (green), obtained in neat melted liquid using NaCl 
discs in 100 scans with a resolution of 8 cm
-1 
 
The TG-DSC profiles of the methyl palmitate product, derived from both SPyrHSO4- and SMIMHSO4-
catalysed reactions (Figure 5-18 ) show the two endotherms consistent with melting (30°C) and 
decomposition temperature (260°C) of methyl palmitate, and an onset decomposition temperature of 
220°C which are all in agreement with those of pure methyl palmitate.  
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Figure 5-18 TG-DSC profiles of methyl palmitate catalysed by SPyrHSO4 and SMIMHSO4 
compared to pure methyl palmitate. Heating programme: 10°C/min from 20-600°C in alumina 
crucible in N2 atmosphere at a flow rate of 50ml/min with aluminium oxide reference (data 
point interval of 5 seconds). This profile shows a melting point of 30°C and major 
decomposition occurs at 260°C. 
 
Recovered SMIMHSO4 and SPyrHSO4 were analysed by FTIR, and their spectra matched well with 
those of their pure forms (Figure 5-19 and Figure 5-20).  
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Figure 5-19 FTIR spectrum of recovered SPyrHSO4 after esterification of palmitic acid (red) 
compared to the pure SPyrHSO4 (green), obtained in neat liquid using NaCl discs in 100 scans 
with a resolution of 8 cm
-1 
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Figure 5-20 FTIR spectrum of recovered SMIMHSO4 after esterification of palmitic acid (red) 
compared to the pure SMIMHSO4(green), obtained in neat liquid using NaCl discs in 100 scans 
with a resolution of 8 cm
-1 
 
Summary: Suitability of ILs for esterification of fatty acids 
 
It has been shown that SMIMHSO4 and SPyrHSO4 were effective in catalysing esterification reaction 
of palmitic acid. High ester yields (85-90%) were achieved for both ILs in the following reaction 
conditions: palmitic acid (5.13g, 0.02 mol) with methanol (4.1 ml, 0.01 mol) and in the presence of 
0.008mol of IL catalyst (2.51 g for SMIMHSO4, 2.53g for SPyrHSO4). 
 
5.4.3.3 Suitability of the IL mix for extraction and esterification of fatty 
acids 
 
Having identified and verified one type of IL, (HPyrBr), as suitable for the selective extraction of fatty 
acids, and another type – the Brønsted ILs, (SMIMHSO4 and SPyrHSO4) - for the esterification of fatty 
acids, an IL mix, combining the two types of ILs, in a 1:1 molar ratio, (HPyrBr/SMIMHSO4 and 
HPyrBr/SPyrHSO4), was trialled to ensure that the properties of the IL mix, as extractant and catalyst, 
were preserved and that neither of the ILs present inhibited the activity of the other. These tests are of 
particular importance when the two ILs incorporated into the IL mix have very different properties. 
SMIMHSO4 and SPyrHSO4 are immiscible with fatty acids as shown in Table 5-6 in Section 5.4.3.1 
and are unsuitable for fatty acid extraction on their own. On the other hand, HPyrBr does not carry 
any acidic moiety which makes it a non-catalyst for esteriifcation reaction.   
 
Solubility testing of the IL mix was used to determine the impact, if any, of the chosen Brønsted ILs on 
the selective extraction capability of HPyrBr and esterification reactions using the IL mix were carried 
out on (i) single fatty acids; and (ii) a mixed fatty acid system to determine the impact, if any, of the 
HPyrBr on the catalytic properties of the chosen Brønsted ILs. 
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Solubility testing 
 
Solubility of palm oil, fatty acids and their methyl esters in the two IL mixes (HPyBr/SMIMHSO4 and 
HPyrBr/SPyrHSO4) is summarised in Table 5-8. In terms of fatty acid solubility, both IL mixes 
dissolved all fatty acids in high concentrations and the presence of the chosen Brønsted IL did not 
inhibit the effectiveness of the HPyrBr, as extractant, despite the fact that SMIMHSO4 and SPyrHSO4 
alone do not dissolve any fatty acids (Table 5-6). Both IL mixes also did not dissolve palm oil. 
Therefore, the selective extraction capability of the IL mix is preserved.  
   
Furthermore the insolubility of the fatty acid methyl esters (Table 5-8) in HPyrBr and the two IL mixes, 
shows that the presence of HPyrBr in the IL mix does not hinder the recovery of products from the 
esterification process.  
 
Table 5-8 Solubility of fatty acid and their methyl esters HPyrBr and the IL mix 
IL Palm oil 
Methyl 
palmitate 
Methyl 
stearate 
Methyl 
oleate 
Methyl 
linoleate 
Palmitic 
acid 
Oleic 
acid 
Linoleic 
acid 
HPyrBr Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Soluble Soluble 
SMIMHSO4/HPyrBr Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Soluble Soluble 
SPyrHSO4/HPyrBr Insoluble Insoluble Insoluble Insoluble Insoluble Soluble Soluble Soluble 
 
Esterification reaction of single fatty acids in the IL mix 
 
Preliminary studies in this work showed that the two IL mixes of HPyrBr/SPyrHSO4 and 
HPyrBr/SMIMHSO4, tested in the esterification of palmitic acid, exhibit similar behaviour. For this 
reason and the fact that the imidazolium-based Brønsted IL, alone, produced higher levels of methyl 
palmitate (Section 5.4.3.2), the IL mix of HPyrBr/SMIMHSO4 was used for the remaining esterification 
trials with other types of fatty acids. 
 
Following the esterification reaction in the IL mix, two distinct layers formed, with the fatty acid methyl 
ester (FAME) remaining in the upper layer and the IL mix remaining in the lower layer (Figure 5-21), 
allowing the simple separation and recovery of the ester product from the IL catalyst. This indicates 
that the IL mix is as effective in achieving the product separation in the presence of HPyrBr as using 
SMIMHSO4 or SPyrHSO4 alone. The presence of HPyrBr in the IL mix does not have any adverse 
impact on the reaction because of the similar solubility profiles of HPyrBr, SMIMHSO4 and SPyrHSO4 
for FAMEs. HPyrBr, SMIMHSO4 and SPyrHSO4 are all not soluble with fatty acid methyl esters (Table 
5-8). The yield obtained for each FAME is summarised in Table 5-9. 
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Table 5-9 Yields of fatty acids methyl esters derived from HPyrBr/SMIMHSO4-catalysed 
esterifcation with methanol 
a
 
Entry Acid substrate 
Lipid number 
(C:D) 
Ester product Temp (°C) Atmosphere Yield (%) 
1 Palmitic acid C16:0 Methyl palmitate 80 Air 90.40 
2 Stearic acid C18:0 Methyl stearate 80 Air 91.18 
3 Oleic acid C18:1 Methyl oleate 80 Air 82.62 
4 Linoleic acid C18:2 Methyl linoleate 80 Air 75.15 
b
 
5 Linoleic acid C18:2 Methyl linoleate 20 Nitrogen 67.00 
6 Linoleic acid C18:2 Methyl linoleate 30 Nitrogen 67.41 
7 Linoleic acid C18:2 Methyl linoleate 60 Nitrogen 70.02 
8 Linoleic acid C18:2 Methyl linoleate 80 Nitrogen 73.00 
a
 Reaction conditions: Molar ratio of fatty acid:methanol: IL mix = 0.02:0.1:0.008. Reaction time = 4 hours. 
b 
Methyl linoleate product was decomposed under this condition. 
 
The presence of HPyrBr did not interfere with the activity of SMIMHSO4 in the IL mix as evidenced by 
the unchanged yield of methyl palmitate obtained from the IL mix compared to the yield of methyl 
palmitate obtained from SMIMHSO4 alone. The catalytic property of SMIMHSO4 was not inhibited by 
HPyrBr in the IL mix possibly because HPyrBr contains only neutral cation and anion, which does not 
counteract with the acidic property of SMIMHSO4. In other words, although HPyrBr does not 
contribute to the effective catalyst property of the IL mix, its neutral components do not decrease or 
have any inhibiting effects on the catalytic performance.  
 
Among the four fatty acid esterifications carried out, methyl palmitate and methyl stearate have the 
highest yields. The increase in the degree of unsaturation in fatty acid molecules decreases the final 
yields of esters in the order: methyl stearate≈methyl stearate > methyl oleate > methyl linoleate. The 
increased emulsification with the water by-product observed in methyl oleate and methyl linoleate 
systems also prevented the effective transfer of water into the IL phase during the reaction which 
resulted in the lower yields. Increasing aliphatic chain length on the fatty acid does not have any 
significant impact on the yield in this IL mix system.  
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Figure 5-21 Separation of methyl oleate and HPyrBr/SMIMHSO4 
 
The yields of methyl palmitate, methyl oleate and methyl stearate are comparable to other reported 
yields in the literature (Table 5-7 for methyl palmitate and Table 5-10 for methyl oleate and methyl 
stearate).  
 
Table 5-10 Fatty acid methyl esters obtained from esterification with methanol in the presence 
of other ILs and reaction conditions 
Fatty acid ILs 
Molar ratio 
acid:methanol:IL 
Temp 
(°C) 
Time 
(hr) 
Yield 
(%) 
Ref 
Oleic acid [NMP]CH3SO3 1:2:0.213 70 8 95.3 (237) 
Oleic acid [NMP]CH3SO3 1:1:4 20 10 93 (243) 
Oleic acid BSMIMHSO4 1:1:0.1 25 4.5 88 (232) 
Oleic acid BSPyrHSO4 1:1:0.1 25 4.5 94.7 (232) 
Oleic acid SMIMHSO4][CF3SO3] 0.05:0.2:0.00025 80 6 80 (231) 
Stearic acid SMIMHSO4] [CF3SO3] 0.05:0.2:0.00025 80 6 83 (231) 
Stearic acid [NMP]CH3SO3 1:1:4 40 10 92 (243) 
Vegetable oil fatty 
acid (Priolene 6027) 
EMIMHSO4 1:10:0.01 20 144 90 (234) 
Vegetable oil fatty 
acid (Priolene 6027) 
EMIMHSO4 1:10:0.05 20 144 98 (234) 
Note: [NMP]CH3SO3= N-methyl-2-pyrrolidonium methyl sulfonate 
BSMIMHSO4 = 1-(benzyl sulfonic acid) methyl-3-methyl imidazolium hydrogen sulfate 
BSPyrHSO4 =1-(benzyl sulfonic acid) pyridinium hydrogen sulfate 
 
The four fatty acid methyl esters (methyl palmitate, methyl sterate, methyl oleic and  methyl linoleic) 
catalysed by the IL mix, HPyrBr/SMIMHSO4, were analysed to confirm the production of esters in their 
pure forms, and their detailed characterisation data and interpretation along with their corresponding 
spectral data are included in Appendix I.  
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The reaction conditions for esterification of linoleic acid were different from the other three fatty acids. 
The esterification of linoleic acid to its methyl ester in air at 80
°
C resulted in the decomposition of the 
product, as illustrated by the multiple components detected in TLC, the multiple endotherms in the 
TG-DSC profile (Figure 5-22), and the higher number of hydrogen atoms detected (19H) in the 
1
HNMR spectrum at 1.6 ppm for methyl linoleate (Figure 5-23 (a)) consistent with the breakdown of 
the long chain linoleic acid into shorter chain fatty acids. Esterification of the acid in N2, at 
temperatures of 20-80
o
C, however, prevented decomposition of the final product where the number of 
H atoms are correctly detected for 14H at 1.6 ppm (Figure 5-23 (b)). 
 
 
Figure 5-22 TG-DSC profile of decomposed products of methyl linoleate derived from 
esterification of linoleic acid with methanol in HPyrBr/SMIMHSO4 at 80°C in air atmosphere. 
Heating programme: 10°C/min from 20-600°C in alumina crucible in N2 atmosphere at a flow 
rate of 50ml/min with aluminium oxide reference (data point interval of 5 seconds). This profile 
shows multiple decomposition temperatures which indicates a mixture of products in the 
sample.  
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 (a)       (b) 
Figure 5-23 
1
HNMR spectrum of (a) decomposed product of methyl linoleate esterified at 80°C 
in air atmosphere; and (b) pure methyl linoleate product esterified at 20°C under N2 
atmosphere. Both spectra were obtained in MeOD-d4 at 30°C. 
 
Esterification reaction of a mixed fatty acid system in the IL mix 
 
Because of the co-existence of a mix of fatty acids in waste cooking oils esterification of a mixed fatty 
acid system, comprising palmitic, stearic, oleic and linoleic acids, was prepared and the esterification 
reaction carried out using the IL mix (HPyrBr/SMIMHSO4). The FAME mixture was obtained as a 
combination of a colourless liquid and white solid indicating the presence of both solid and liquid 
methyl esters with a yield of 80.3%.  
 
Characterisation of the fatty acid methyl ester products  
 
The fatty acid methyl ester (FAMEs) mix was analysed using a combination of FTIR, TG-DSC, TLC 
and GC-MS. The FTIR spectrum of the FAME mixture (Figure 5-24) shows the relevant bond 
vibrations for the individual methyl esters. 
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Figure 5-24 FTIR spectrum of FAMEs catalysed by HPyrBr/SMIMHSO4, obtained in neat melted 
liquid using NaCl discs in 100 scans with a resolution of 8 cm
-1 
 
The TG-DSC profile of the FAME mixture (Figure 5-25) showed an onset decomposition temperature 
of 218°C followed by decomposition at 281°C, which occur in the range for the individual methyl 
esters. 
 
In order to confirm the individual methyl esters in the FAME mixture, TLC and GC-MS were used.  
The TLC of the FAME mixture was prepared in a 4.5:1 vol/vol petroleum:ethyl acetate system and 
compared with the chromatograms for the pure methyl esters. Four single spots appeared on the 
silica plate and the Rf values were calculated as 0.89, 0.80, 0.68 and 0.60 and found to be in good 
agreement with the pure methyl esters. 
 
 
Figure 5-25 TG-DSC profile of the FAME mixture derived from esterification of mixed fatty 
acids catalysed by HPyrBr/SMIMHSO4. Heating programme: 10°C/min from 20-600°C in alumina 
crucible in N2 atmosphere at a flow rate of 50ml/min with aluminium oxide reference (data 
point interval of 5 seconds).  
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The GC-MS chromatograms of the FAME mixture are illustrated in Figure 5-26 and reveal the 
presence of all the fatty acid methyl esters. The information on retention time and detected molecular 
weight are tabulated in Table 5-11. The peaks were identified by measuring their CI
+
 mass spectra on 
the same column connected to the GC/MS system. The measured molecular weights match well with 
those of methyl esters present in the sample confirming the successful esterification of the fatty acids 
in the mixed fatty acid system, using HPyrBr/SMIMHSO4 as the IL mix. 
 
1. C16:0   Methyl palmitate
2. C18:0   Methyl stearate
3. C18:1   Methyl oleate
4. C18:2   Methyl linoleate
1
2
3
4
 
Figure 5-26 GC-CI
+
 chromatogram of the FAME mixture (dissolved in hexane and methanol) 
obtained from esterification at 30°C under N2 atmosphere in HPyrBr/SMIMHSO4. (Instrumental 
parameters: injection volume = 1µL; split ratio =20:1; injector heating program = 50°C for 0.2 
min and ramped at 10°C/sec to 350°C and held for 0.5 min; oven heating program = 50°C for 1 
min and ramped at 3°C/min to 300°C and held for 5 min.; carrier gas = helium (1.2 ml/min); 
transfer line temperature = 300°/SMIMHSO4.)  
 
Table 5-11 Retention time of compounds detected in GC/MS (CI+) 
a
 
FAME 
Retention time 
(min) 
Double bonds MS 
b 
 (CI
+
) 
C16:0 6.62 0 [M+NH4
+
] = 288.2 
C18:0 7.26 0 [M+NH4
+
] = 316.3 
C18:1 7.19 1 [M+NH4
+
] = 314.2 
C18:2 7.18 2 [M+NH4
+
] = 312.2 
a
 Solvent = hexane/methanol; reagent gas = ammonia; source temperature = 170°C, electron 
energy =50 eV; mass range = 50-650 Daltons. 
b
 The mass spectra are given in Appendix J. 
 
Recovery of the IL mix   
 
For esterification of both single fatty acids and esterification of mixed fatty acids, the IL mix was 
recovered by washing with ethyl acetate to remove residual ester and dried in a rotary evaporator to 
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remove methanol, water by-product and ethyl acetate. The recovered HPyrBr/SMIMHSO4 mix was 
then analysed by FTIR spectroscopy, (Figure 5-27) which shows that after esterification of palmitic 
acid, the spectrum is in a good agreement with the starting HPyrBr/SMIMHSO4 spectrum confirming 
recovery of the IL.  
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Figure 5-27 FTIR spectrum of recovered HPyrBr/SMIMHSO4 after esterification of mixed fatty 
acid (green) compared to pure HPyrBr/SMIMHSO4 (red), obtained in neat melted liquid using 
NaCl discs in 100 scans with a resolution of 8 cm
-1 
 
The TG-DSC profile of the recovered IL mix (Figure 5-28) shows two endotherms corresponding to 
the decomposition of HPyrBr and SMIMHSO4 at 275°C and 344°C respectively. The endotherm at 
above 100°C is consistent with the moisture absorbed by the ILs during the reaction.  
 
 
Figure 5-28 TG-DSC profile of recovered HPyrBr/SMIMHSO4 after esterification of mixed fatty 
acids. Heating programme: 10°C/min from 20-700°C in alumina crucible in N2 atmosphere at a 
flow rate of 50ml/min with aluminium oxide reference (data point interval of 5 seconds). This 
profile shows multiple decomposition temperatures which indicates a mixture of products in 
the sample. 
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Summary: Suitability of the IL mix for selective extraction and esterification of fatty acids  
 
The work described in this section shows that two ILs with very different properties, (one with the 
selective extraction capabilities and one that acts as Brønsted acid esterification medium) can be 
combined to produce mixed ILs (HPyrBr/SMIMHSO4 and HPyrBr/SPyrHSO4) that are shown to be 
effective in both selective extraction and esterification of fatty acids. The work further shows that the 
component ILs of the IL mixes do not inhibit the overall ability of the other components to act as 
selective extractants and esterification catalysts.   
 
5.4.4 Preparation of a simulated waste cooking oil and testing 
its conversion to fatty acid methyl esters (biodiesel) 
using the developed IL mix  
  
A simulated waste cooking oil was prepared by continuous heating at 195°C of pure palm oil and 
used to test the performance of the IL mix in extraction and esterification of free fatty acids to fatty 
acid methyl esters in a model waste cooking oil.   
 
5.4.4.1 Preparation of a simulated waste cooking oil 
 
Food-grade palm oil (1.5 L) was heated in a household deep fryer (DeLonghi F600 Deep Fryer) at 
195°C for 100 hours. Distilled water (50 ml) was added to the oil every 10 hrs of heating and samples 
of waste cooking oil were collected at 60, 70, 80, 90 and 100 hours for analysis. The resulting 
simulated waste cooking oil (waste palm oil), from each heating interval, was analysed by acid value 
determination, TLC, TG-DSC and FTIR, and compared with pure palm oil which was characterised for 
reference purposes.  
 
5.4.4.2 The conversion of the simulated waste cooking oil using the 
developed IL mix 
 
The IL mix (HPyrBr/SMIMHSO4) identified (in Section 5.4.3) as suitable for the extraction and 
esterification of fatty acids was tested, as an extractant/esterification catalyst mix, for the extraction of 
free fatty acids from the simulated waste cooking oil, and,  their subsequent esterification to produce 
fatty acid methyl esters (biodiesel) in a ‘one-pot’ reaction.  
 
The IL mix (10g) was added to the simulated waste cooking oil (10 g) and the mixture was heated and 
stirred at 80°C for 1 hr. The mixture was then transferred into a pre-heated separation funnel where it 
was allowed to settle into layers. A heat gun was used to keep the mixture liquid. The top layer, which 
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contained the treated waste cooking oil with some residual IL mix, was washed with water to remove 
residual IL and dried in a rotary evaporator.  
 
The bottom layer, containing the IL mix+free fatty acid, was placed in a round bottom flask, to which 
methanol (4.1 ml, 0.1 mol) was added for the esterification reaction. The reaction was carried out 
under reflux at 80°C (with stirring for 4 hours under N2 atmosphere) and the mixture was allowed to 
settle into layers using a separation funnel. The bottom layer, containing the IL mix, was decanted off 
into a flask and the remaining top layer, containing the residual IL, methanol and the esterified free 
fatty acid (FAME), was washed with water and purified according to the procedure described in 
Section 5.4.2.3, before drying it in a rotary evaporator. The resulting esterified free fatty acids (FAMEs) 
were analysed by FTIR, TG-DSC and GC/MS. The separated IL mix was washed with ethyl acetate to 
remove residual esterified FAMEs and dried in the rotary evaporator and the recovered IL mix was 
then analysed by TG-DSC and FTIR. 
 
5.4.5 Results and discussion on the conversion of a simulated 
waste cooking oil using the developed IL mix 
 
5.4.5.1 Production of simulated waste cooking oil 
 
The purpose of subjecting palm oil to a heating regime, over an extended period of time (60-100 hrs), 
at 195
o
C, was to activate hydrolysis and release free fatty acids from the oil. In order to model the 
changes in waste cooking oil, pure palm oil was used as a reference. Characterisation data for both 
pure palm oil and waste cooking oils from different heating regimes are provided in the following 
sections. 
 
5.4.5.2 Characterisation of pure palm oil  
 
Pure palm oil is a light yellow waxy solid at room temperature that melts at ~30°C to form a 
transparent yellow liquid and was characterised using acid determination, TLC, FTIR and TG-DSC. 
 
The acid values and acidity of pure palm oil, rapeseed oil, sunflower oil and lard are low, with values 
of <1mg/g and <0.5% respectively for all materials (Table 5-12), consistent with the low free fatty acid 
content in unused oils and fats. 
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Table 5-12 Acid values and acidity of palm oil and related oils and animal fats 
Sample 
Acid value 
(mg/g)
a
 
Standard 
deviation 
Acidity 
(%)
b
 
Standard 
deviation 
Palm oil
c
 0.79 0.03 0.37 0.02 
Rapeseed oil
d
 0.70 0.16 0.22 0.10 
Sunflower oil
d
 0.31 0.06 0.14 0.03 
Lard
d
 0.78 0.07 0.36 0.03 
a
 expressed in terms of KOH 
b
 expressed in terms of palmitic acid 
c  
Value is based on an average of 5 samples
 .
 
d  
Value is based on an average of 3 samples. 
 
TLC analysis of pure palm oil based on solvent system of 5:2 vol/vol (petroleum ether: ethyl acetate) 
showed a single spot, with an Rf value of 0.6. 
 
The FTIR spectrum of pure palm oil (Figure 5-13) confirms the presence of alkyl chains, C=O and C-
O groups, with peaks at 2924 and 2854 cm
-1 
representing asymmetric and symmetric stretch vibration 
of CH2 respectively. The peaks at 1747 cm
-1
, 1466 cm
-1
 and  1165 cm
-1
 correspond to the stretch C-O 
group (characteristic of C=O bond on the triglycerides), the scissoring band of CH2, and the C-O 
group, respectively. The TG-DSC profile (Figure 5-14) of pure palm oil shows an endotherm which 
corresponds to the onset of decomposition (370°C) and volatilisation at (420°C). 
 
5.4.5.3 Characterisation of the simulated waste cooking oil 
 
The colour of palm oil intensified and became darker, as the number of heating hours increased, 
indicative of hydrolysis and/or autooxidation reactions having occurred. The products from the heating 
cycles appear as solids at room temperature (Figure 5-29 (a)), and when the temperature is raised to 
40°C the products melt to give a liquid as illustrated in Figure 5-29 (b). 
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Figure 5-29 Products of palm oil following heating cycles for different durations at 195°C (a) 
solid form at room temperature, (b) liquid form at 40°C 
 
The simulated waste cooking oils, across the heating regime, were characterised using acid 
determination, TLC, FTIR and thermal methods and the results are presented for the extremes of 
heating duration of 60 hrs and 100 hrs, compared with the data for pure palm oil. 
 
The acid values and acidity of simulated waste cooking oil are recorded in Table 5-13 and show that 
the average acid value increases from 4.01mg/g (60 hrs) to 4.28mg/g (100 hrs) and the average 
acidity increases from 1.83% (60 hrs) to 1.95% (100 hrs). A profile of acid value as a function of 
heating duration (Figure 5-30) confirms the increase in the release of free fatty acids as a result of 
hydrolysis of the palm oil.  
 
Table 5-13 Acid values and acidity of simulated waste cooking oil compared with pure palm oil 
Oil sample 
Acid value 
(mg/g)
a
 
Standard 
deviation 
Acidity 
(% by mass)
b
 
Standard 
deviation 
Pure palm oil
c
 0.79 0.03 0.37 0.02 
Simulated waste cooking oil (60 hr)
d
 4.01 0.61 1.83 0.28 
Simulated waste cooking oil (80 hr)
 d
 4.06 0.31 1.90 0.14 
Simulated waste cooking oil (100 hr)
 d
 4.28 0.44 1.95 0.20 
a
 expressed in terms of KOH 
b
 expressed in terms of palmitic acid 
c
 Value is based on an average of 5 samples. 
d
 Value is based an average of 3 samples. 
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Figure 5-30 Acid values and acidity of simulated waste cooking oil for different heating 
durations 
 
TLC analysis of the simulated waste cooking oil (heated for 60 and 100 hrs), when compared with 
pure palm oil, confirms the presence of a mixture of components, as evidenced by the streaking of 
lines up the plate to the Rf value of 0.6 (for palm oil) shown in Figure 5-31. 
 
 
Figure 5-31 TLC of pure palm oil and simulated waste cooking oil at 60 hr and 100 hr 
 
Thermal analysis of the simulated waste cooking oil was used to determine the effect of the heating 
duration on the thermal behaviour of the oil. The TG profiles of the waste cooking oils (Figure 5-32) 
show 100% weight loss in a single step, similar to pure palm oil, with the onset of decomposition 
occurring at 370
°
C, as illustrated in the DTG profiles shown in Figure 5-33 (a), and an endotherm 
featuring decomposition in the temperature range 380-420
°
C in the DSC profiles (Figure 5-33 (b)). 
The results show that the free fatty acid produced in the heating process is, however, swamped by 
the decomposition of the palm oil matrix and no individual features are identified that can be attributed 
to the free fatty acids formed. 
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Figure 5-32 TG of pure palm oil (blue) and simulated waste cooking oils with 60 hr heating (red) 
and 100hr heating (green). Heating programme: 10°C/min from 20-700°C in alumina crucible in 
N2 atmosphere at a flow rate of 50ml/min with aluminium oxide reference (data point interval of 
5 seconds).  DTG of palm oil at various heating periods
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(a) Comparison of DSC curves of palm oil at various stage of heating
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(b) 
Figure 5-33 (a) DTG and DSC (b) profiles of pure palm oil (blue) and simulated waste cooking 
oils with 60 hr heating (red) and 100hr heating (green) 
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The FTIR spectra of simulated waste cooking oils at different stages of heating, compared with that of 
pure palm oil (Figure 5-34), show the dominance of the palm oil matrix masking any specific features 
that might be associated with the small quantities of the free fatty acids formed on heating.  
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Figure 5-34 FTIR spectra of pure palm oil (red) and simulated waste cooking oils with 60 hr 
heating (green) and 100hr heating (blue), obtained in neat melted liquid using NaCl discs in 
100 scans with a resolution of 8 cm
-1 
 
5.4.5.4 Extraction and esterification of free fatty acids from waste cooking 
oil using the IL mix 
 
At the end of the extraction and esterification of FFA from simulated waste cooking oil, the fatty acid 
methyl esters (FAMEs) product formed a separate layer with the IL mix (Figure 5-35), which allowed 
simple product recovery by decanting.   
 
Figure 5-35 Fatty acid methyl esters (top layer) derived from simulated waste cooking oil with 
the IL mix (bottom layer) 
 
To confirm the effectiveness of the IL mix, characterisation data were recorded for the recovered 
FAMEs and the recovered IL mix, and are provided in the following sections. 
 
CHAPTER 5         Pajaree Kewcharoenwong 
 
249 
5.4.5.5 Characterisation of the FAMEs derived from simulated waste 
cooking oil 
 
The resulting FAMEs product was brown in colour and remained liquid at room temperature.  
 
The FTIR spectrum of the FAMEs (Figure 5-36) shows all the relevant functional groups commonly 
found in FAMEs, with the peaks at 2927 and 2854 cm
-1
 representing asymmetric and symmetric 
stretch of CH2 respectively and the peak at 1743 cm
-1
 representing the C=O group. The vibration of 
the CH2 bend is at 1462 cm
-1
, with the peak at 1439 cm
-1
 representing the CH3 bend and the peak at 
1362 cm
-1 
due to CH2 wagging. The peaks at 1250, 1196 and 1173 cm
-1 
are attributed to the C-O 
group and the peak at 721 cm
-1
 is due to CH2 out of plane (rocking).     
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Figure 5-36 FTIR spectrum of FAMEs derived from simulated waste cooking oil Using 
HPyrBr/SMIMHSO4, obtained in neat liquid using NaCl discs in 100 scans with a resolution of 8 
cm
-1 
 
The TG-DSC profile of the resulting FAMEs (Figure 5-37) shows an endotherm indicating the onset of 
decomposition at 200°C followed by decomposition at approximately 266°C, in good agreement with 
the TG-DSC profile for the mixed FAME system, as presented in Figure 5-25 and consistent with the 
predominance of methyl palmitate within FAME mixture.  
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Figure 5-37 TG-DSC profile of the FAME mixture derived from esterification of extracted free 
fatty acids from simulated WCO using HPyrBr/SMIMHSO4 at 80°C for 4 hr under N2 atmosphere. 
Heating programme: 10°C/min from 20-700°C in alumina crucible in N2 atmosphere at a flow 
rate of 50ml/min with aluminium oxide reference (data point interval of 5 seconds). 
 
The GC chromatogram of the esterified product (Figure 5-38) shows that the majority of the sample 
eluted at retention time 6.3 min. The enlarged chromatogram (Figure 5-39) shows that the sample 
eluted as fractions at retention times of 6.63, 7.18, 7.25, 7.79, 7.93 and 8.46 min and that in the mix of 
FAMEs the predominant ester was methyl palmitate, at 6.63 min, with no evidence of palmitic acid or 
any other free fatty acid. (Note: The peak at retention time 8.46 min is attributed to di-ocyl phthalate, a 
common plasticizer, which is a feature associated with the measurement technique used and, not, a 
feature of the FAME product) 
 
The CI
+
 mass spectra were recorded at the retention times at which the sample eluted and, from the 
corresponding molecular weights, the presence of each of the fatty acid methyl esters was 
determined.Table 5-14 summarises the retention times and corresponding molecular weights 
detected for each of the FAME. The types of FAME detected are consistent with the typical fatty acid 
compositions of palm oil where palmitic, oleic, linoleic and stearic acids are the main components, in 
the order of abundance (244). The results confirm that the free fatty acids in the simulated waste 
cooking oil were extracted and esterified by the IL mix. 
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Figure 5-38 GC/MS chromatogram (full scan) of FAMEs derived from simulated waste cooking 
oil dissolved in hexane and methanol. (Instrumental parameters: injection volume = 1µL; split 
ratio =20:1; injector heating program = 50°C for 0.2 min and ramped at 10°C/sec to 350°C and 
held for 0.5 min; oven heating program = 50°C for 1 min and ramped at 3°C/min to 300°C and 
held for 5 min.; carrier gas = helium (1.2 ml/min; Transfer line temperature = 300°C)) 
 
1. C16:0   Methyl palmitate
2. C18:1   Methyl oleate
3. C18:0   Methyl stearate
4. C18:2   Methyl linoleate
5. C18:3   Methyl linolenate
6. Di-ocyl phthalate
1
2
5
3
4
6
 
Figure 5-39 GC/MS chromatogram of FAMEs derived from simulated waste cooking oil 
(enlarged) 
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Table 5-14 Molecular weights recorded for FAMEs derived from simulated waste cooking oil 
a
 
Retention Time 
(min) 
Compounds 
Molecular Weight 
b
 
(derived from CI
+
 mass spectrometry) 
6.63 Methyl palmitate 
[M+NH4
+
,100%] = 288.2, 
[M+NH4
+
+H
+
,20%] = 289.3 
7.18 Methyl oleate 
[M+NH4
+
,100%] = 314.2, 
[M+NH4
+
+H
+
,20%] = 315.3 
7.25 Methyl stearate 
[M+NH4
+ 
,100%] = 316.3. 
[M+NH4
+
+H
+
,20%] = 317.3 
7.79 Methyl linoleate 
[M+2NH4
+
,100%]
  
= 330.2, 
[M+2NH4
+
+H
+
,20%]
  
= 331.3, 
[M+NH4
+ 
,17%]= 313.2 
7.93 Methyl linolenate 
[M+NH4
+
,100%] = 311.2, 
[M+2NH4
+
,95%]= 328.2 
[M+2NH4
+
+H
+
,21%]
  
= 329.2, 
a
 Reagent gas = ammonia; Source temperature = 170°C, Electron energy =50 eV; Mass range = 50-
650 Daltons. 
b
 Mass spectra at these retention times are provided in Appendix J. 
 
5.4.5.6 Characterisation of the recovered IL mix 
 
The IL mix (HPyrBr/SMIMHSO4) was recovered in excellent yield by the methods described in Section 
5.4.4.2, as confirmed by analyses by FTIR and TG-DSC. The FTIR spectrum (Figure 5-40) and the 
TG-DSC profile (Figure 5-41) of the recovered IL mix compared to the pure form of the IL mix 
confirming its successful recovery and potential for reuse as a combined extractant and esterification 
catalyst in a closed loop process.  
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Figure 5-40 FTIR spectrum of recovered IL mix, HPyrBr/SMIMHSO4 (green) compared to pure 
the IL mix (red), obtained in neat melted liquid using NaCl discs in 100 scans with a resolution 
of 8 cm
-1
 
 
 
Figure 5-41 TG-DSC profile of the recovered IL mix (HPyrBr/SMIMHSO4) after extraction and 
esterification of FFA from simulated WCO. 
 
5.5 Summary  
 
In this Chapter an alternative ionic liquid-based method for conversion of waste fats to biodiesel using 
waste cooking oil as a model is described. For waste cooking oil to be used as a feedstock for 
biodiesel production, there are certain factors that have to be controlled, the most significant of which 
is the formation of higher levels of undesirable products such as the free fatty acids in the oil that arise 
from the hydrolytic reaction that occurs during the frying process, and which affect the 
transesterification reaction.    
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In seeking to address this challenge, a survey of the literature of the use of Brønsted ILs, as both 
solvents for oils and catalysts in their esterification reactions has led to the development of an IL mix 
suitable for both extraction of the fatty acids and their estrification in one-pot reactor system.   
  
A three-step approach was used to achieve both the extraction and conversion reactions in a one-pot 
reactor, namely: (i) the identification of suitable ILs as extractants for fatty acids and as catalysts for 
esterification reactions; (ii) studies on the effects of mixing an IL with extractant properties with an IL 
that acted as a Brønsted acid esterification catalyst to ensure that the efficiencies of the extractant IL 
and the catalyst IL were not inhibited by the presence of the second IL, and (iii) the preparation of a 
simulated waste cooking oil as a model for the studying the conversion of waste oils to fatty acid 
methyl esters (biodiesel) using the novel IL mix, as extractant and esterification catalyst. 
 
The first step was to choose both (i) ILs for the selective extraction of fatty acids from a mixed system 
of vegetable oils and fatty acids, where the IL extracts one or other, but not both; and (ii) ILs, as 
catalysts, for esterification of the fatty acids to fatty acid methyl esters (biodiesel). The important 
properties required by the IL used as an extractant was the ability to selectively solubilise the fatty 
acid component and not the triglyceride component. Of the ILs tested for this purpose, HPyrBr, 
BMIMCl and HMIMBr, were found to be suitable fatty acid extracting ILs because they dissolved all 
the fatty acids (palmitic, oleic and linoleic acid) but were not miscible with any of the vegetable oils 
(palm, sunflower and rapeseed oil). BMIMCl was identified as the least effective, and HPyrBr in 
particular was identified as suitable for the extraction of fatty acids from vegetable oils using an 
acidified palm oil model system. 
 
The Brønsted acid ILs, SMIMHSO4 and SPyrHSO4, were selected and tested as catalysts for the 
esterification reaction using palmitic acid esterification to methyl palmitate as a model system. The 
second step involved the use of mixtures of the extractant IL HPyrBr with the Brønsted acid ILs, 
(SMIMHSO4 and SPyrHSO4) for the selective esterification of fatty acids. In both systems, it was 
shown that the ability of HPyrBr to extract fatty acids was not impaired by the presence of the  
Brønsted acid IL, and that the ability of the Brønsted acid ILs to act as esterification ILs was not 
impeded by the presence of HPyrBr.  
 
The third step in the research process showed that the HPyrBr/SMIMHSO4 could be used 
successfully in the extraction of fatty acids from waste cooking oils and their subsequent conversion 
to methyl esters in a single reaction vessel. Because waste cooking oils contain a mixture of fatty 
acids it has been further demonstrated that the esterification of a mixed fatty acid system, comprising 
palmitic, stearic, oleic and linoleic acids, using the IL mix (HPyrBr/SMIMHSO4) can be extracted and 
esterified in the HPyrBr/SMIMHSO4 mix and that the mixture of the fatty acids did not interfere with 
the dual extraction and esterification properties of the IL mix.  
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In all of the extraction-esterification reactions carried out in single and mixed ILs it was shown that the 
recovery of the ILs for recycle and further use can be achieved.   
 
A selection protocol (Figure 5-42) has been developed to indicate the steps that need to be taken to 
identify appropriate IL mixes that possess dual properties suitable for the extraction and esterification 
of free fatty acids to fatty acid methyl esters (FAMEs), without compromising the effectiveness of 
either IL within the mix in a one-pot reactor system (Figure 5-43) that also permits recycle of the 
extractant-catalyst IL. 
 
Although the use of ILs as extractants and as catalyst reaction media has been described in other 
systems, results of the present work show that the use of mixed IL systems has resulted in two novel 
applications, namely, the use of ILs to extract value from waste materials rather than single phase 
materials, and that combined extraction-catalytic reactions can be carried out in a one-pot system. 
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Selection of ILs
Check catalysis property 
for esterification
Test solubility of FFA in 
ILs
No
IL1 IL2
Test solubility of 
triglyceride in ILs
Yes
Is triglyceride 
soluble in IL?
Is FFA soluble 
in IL?
Test IL1 in extraction of 
FFA
Does IL2 inhibit extraction 
of FFA?
Yes
Test IL2 in esterification 
of FFA
Does IL have 
acidic catalysis 
property?
Yes
No
No
Yes
IL mix suitable for extraction and esterification of FFA
Was the FFA 
extraction 
successful?
Yes
No
Was the FFA 
esterification 
successful?
Test the IL mix as 
extractant and 
esterification catalyst
Does IL1 inhibit 
esterification of FFA?
Yes
No
No
Yes
No
 
Figure 5-42 IL selection protocol for identification of suitable IL mixes for the extraction and 
esterification of free fatty acid 
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Figure 5-43 Extraction and esterification of free fatty acids to FAMEs in a one-pot reactor 
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6.1 Aims and objectives 
 
Organic waste has been recognised as a major problem in waste management worldwide. Food 
waste and its packaging, in particular, pose problems in treatment and disposal and, as a 
consequence there is a need for engagement in integrated sustainable management by producers, 
waste contractors and other stakeholders. Due to the highly heterogeneous and biodegradable nature 
of food waste, management options available for these types of waste have been limited.  
 
Waste materials can, however, be regarded as a resource and a source from which value can be 
recovered rather than materials that have to be sent for final disposal. The four key factors influencing 
the recovery of value from organic waste, reviewed in this thesis as background to the research work 
carried out are legislation; UK policy; the nature and composition of wastes; and current treatment 
methods. Current methods of treatment of food wastes that comply with UK and European legislation 
rely on either recovery of energy or conversion to materials that can be used as soil conditioners. 
These wastes, however, do contain components that could be recovered as commercially viable 
chemicals but very little work has been carried out on the chemistry required to recover the valuable 
components.  
 
As a background to this research a review of ionic liquids (ILs), their methods of synthesis and 
applications in the extraction of organic compounds including carbohydrates, organic acids, amino 
acids, fats and fatty acids and other food-related components has been carried out. A review of the 
literature has shown that, to date, ILs have had limited uses in (i) the recovery of valuable 
components from complex food-based systems; (ii) the recovery of valuable components from organic 
wastes, in particular food waste; (iii) as inexpensive solvents for the fractionation of complex organic 
systems and; (iv) as a combined reaction medium for the extraction and subsequent valorisation of 
components derived from food waste.  
 
A novel approach to the treatment of organic waste, explored in this research, is the use of ionic 
liquids as solvents for the selective extraction of key value components of wastes to maximise the 
recovery of value, as a means of either: i) recovering key value components from organic waste, or ii) 
extracting materials from the waste that can be converted into biofuels.  
 
The overall aim of the research described in this thesis is to develop novel methodologies based on 
ionic liquid extraction that fractionates and recovers value from organic waste either as a source of 
energy or as a source of feedstock for the chemical and related industries.  
 
To achieve this aim the stated objectives of the research were to: 
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 To develop and optimise a detailed, rapid synthesis method for ionic liquids via a microwave 
route;  
 To develop an ionic liquid methodology for the: 
o selective solubility of pure food and food-related components; 
o extraction and fractionation of pure food and food-related components from simulated 
mixtures; and 
o extraction and fractionation of food components from a complicated real food matrix; 
and  
 To extend the ionic liquid methodology to permit both the extraction of specific food 
components and subsequent valorisation to a high added-value product in a “one-pot” 
reaction.    
 
6.2 Research outcomes 
 
The aim and objectives of the work described in this thesis and stated in Section 6.1 have been 
achieved and are discussed in the thesis in the context of: 
 
 The synthesis and characterisation of ionic liquids; 
 The solubility measurements of key food and food-related components in ILs 
 The use of ionic liquids in the recovery of key value components from organic waste streams; 
and 
 The development and trialling of a novel IL mix in the extraction and esterification of free fatty 
acids in a “one-pot” reactor.  
 
6.2.1 Synthesis and characterisation of ionic liquids 
 
A suite of eight imidazolium and pyridinium-based ionic liquids were prepared, by microwave-assisted 
technology, and for comparison purposes by conventional organic synthesis methods, for use in trials 
of: (i) the recovery of key value components from organic streams; and (ii) the conversion of an 
organic waste to an added-value product in a “one-pot” reactor, using an ionic liquid mix as both an 
extractant and an esterification catalyst. 
 
Conventional methods for ionic liquid synthesis are time consuming, generally requiring (i) large 
amounts of volatile organic solvents and (ii) an excess of one of the reagents, and are unsuitable for 
use in the development of commercially viable material recovery processes, particularly for recovery 
of value from waste.  
 
REFERENCES         Pajaree Kewcharoenwong 
 
 
261 
The characterisation of ILs prepared in this work has shown that microwave-assisted synthesis 
methods result in the rapid preparation of ILs of comparable quality to those obtained conventionally, 
and that the microwave methods have a further advantage over conventional methods in that they do 
not require the use of volatile organic solvents in their preparation.  
It has been shown that ILs prepared by rapid synthesis methods can contain water arising from: (i) the 
synthesis methods and (ii) the hygroscopic nature of the ILs themselves. The result is that there can 
be a significant amount of water in any IL solvent prepared by rapid synthesis to be used in recovery 
applications. Although it is necessary to prepare pure ILs for the purposes of characterisation and for 
some application such as their use in spectroscopic studies, in the present research, it has been 
necessary for economic reasons to consider the use of ILs in their as-prepared state without the need 
for excessive purification steps.  
 
6.2.2 Solubility measurements of key food and food-related 
components in ionic liquids 
 
The solubilities of pure food and food-related components in ‘dry’ conventionally prepared ILs were 
determined to assess their potential use as solvents to selectively recover and isolate individual 
components. Since the ILs are hygroscopic and can absorb water from the atmosphere, these studies 
are extended to identify any changes in solubility of the waste components in IL:water mixtures with 
varying water contents and in as-prepared ILs that are likely to contain higher levels of water than 
those prepred by conventional methods. 
 
The key components tested represent six classes of food groups, namely, carbohydrates, amino 
acids, fatty acids, organic acids, fats, minerals and other key food-related components.  
 
In most ‘dry’ ILs, simple carbohydrates such as glucose and sucrose are readily soluble but they are 
not soluble in SMIMHSO4 and SPyrHSO4 where these carbohydrates are decomposed into dark 
brown/black mixtures. More complex carbohydrates cellulose are only sparingly soluble in HPyrBr, 
PMIMBr, BMIMBr, BMIMCl and “CMIMBr” but starch are only soluble in BMIMBr. Amino acids are 
soluble in acidic “CMIMBr” and SPyrHSO4 but not in the other ILs studied. Lactic acid acid and 
glycerol are very soluble in all of the ILs studied with solubility values exceeding 1g/g of IL used. Fatty 
acids are also very soluble in HPyrBr, PMIMBr, BMIMBr, HMIMBr and BMIMCl, but not in the acidic 
SMIMHSO4, SPyrHSO4 and “CMIMBr” ILs. Lignin is shown to be soluble in the ‘dry’ ILs, PMIMBr, 
BMIMCl and “CMIMBr” whereas quercetin is highly soluble in ‘dry’ HPyrBr, PMIMBr, BMIMBr, HMIMBr, 
BMIMCl and to a lesser extent in ‘dry’ SMIMHSO4, SPyrHSO4 and “CMIMBr”. 
 
The FTIR data of IL:water mixtures suggests that the water present in all the ILs in this study exists in 
aggregates, suggesting that the IL:water mixtures studied can be regarded as completely miscible 
solvents.  
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The solubility results from the IL:water mixture studies show that the presence of water does affect 
the solubilities of key components in ILs, either as a co-solvent or an anti-solvent. Water acts as a co-
solvent that increases the solubility of glucose, sucrose and lignin in HPyrBr, PMIMBr, BMIMBr, 
HMIMBr and “CMIMBr” and of the amino acids (glycine and L-glutamic acid) in SMIMHSO4, 
SPyrHSO4 and “CMIMBr”. Lactic acid and glycerol which are highly soluble in ‘dry’ ILs retain their high 
solubility in all IL:water mixtures. Water can also act as an anti-solvent that inhibits solubility, for 
example, of cellulose in HPyrBr, PMIMBr, BMIMBr, BMIMCl and “CMIMBr”, and quercetin in most ILs 
but not in HMIMBr and “CMIMBr”. The solubilities of hydroxyapatite in IL:water mixtures, and of starch 
in HPyrBr:water and BMIMBr:water mixtures are generally reduced with the addition of water although 
in some ILs (HPyrBr, HMIMBr and BMIMCl), there is a slight increase in solubility  at lower water 
concentrations before a reduced solubility at higher water concentrations. The high solubilities of fatty 
acids in HPyrBr, BMIMCl and HMIMBr are not affected by the presence of water over the range of 
water concentrations studied but their solubilities in PMIMBr:water and BMIMBr:water mixtures are 
reduced as the water concentration is increased.  
 
The variation in solubility of individual components of a selected class of compounds wtih temperature 
in the range 80-140
o
C was tested in a single ionic liquid, BMIMCl, using controlled microwave heating 
to achieve the desired temperatures. Although a temperature of 80
o
C would normally be chosen for 
the extraction studies for economic reasons, the solubilities do vary with temperature and, for 
example, the solubility of cellulose in BMIMCl increases from 0.03 g/g of IL at 80°C to 0.1 g/g of IL at 
120°C. 
 
In general the as-prepared ILs, HMIMBr and BMIMCl, dissolved most of the classes of food 
components studied with the Brønsted ILs, SPyrHSO4 and SMIMHSO4, showing limited capacity to 
solubilise food and food-related components. From the solubility testing of six classes of food and 
food-related materials, in a range of as-prepared ILs, the following ionic liquids demonstrated 
selective solubility with: 
 
 HPyrBr dissolving fatty acids but not sucrose and starch, which are the main carbohydrates 
found in food; 
 
 “CMIMBr” dissolving all carbohydrates but not glycerol and fatty acids;and 
 
 HMIMBr dissolving all food components apart from those in the amino acid class.  
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6.2.3 Use of ionic liquids in the recovery of key value 
components from organic streams 
 
The solubility testing of the components of six classes of food and food-related materials showed 
examples of selected solubility and it is this selective solubility property that was extended to work on 
the extraction and recovery of key food components from waste streams using as-prepared ionic 
liquids.   
 
The extraction methodology developed relies on the use of a solvent selection matrix, where the 
solvent is used to selectively dissolve (i) a single key component, or (ii) all components other than the 
single key component; , but not both.  As part of the work it has also been demonstrated that the ionic 
liquid extractants can be recovered and reused in subsequent extraction processes.  Specifically the 
extraction trials included recovery of pure components from a single component system; recovery of 
pure components from a simulated mixed component system; and application to a real food system. 
 
Single system extraction trials were run for four classes of food and food-related components: amino 
acids (glycine and L-glutamic acid), carbohydrates (sucrose and cellulose), fatty acids (palmitic, oleic 
and linoleic acid) and lignin. The extracted components were obtained in high yields and the resultant 
FTIR spectra of the recovered ionic liquids matched those of the respective pure materials, offering 
the opportunity for potential recycle and reuse of the ionic liquids. 
 
Three simulated mixed component systems were trialled to study the fractionation, separation 
and/or full recovery of key components and to show how ionic liquids could be used, as part of a 
process, to separate components commonly found in foods and natural mixtures: 
 
(i) a mixed sucrose and palmitic acid system - The extraction of palmitic acid and sucrose, using 
HPyrBr, which was selected because it dissolved palmitic acid and not sucrose, demonstrates the 
selective extractability of ionic liquids offering the potential for further exploitation in real food systems;   
 
(ii) a mixed cellulose and lignin system - Three ionic liquids - “CMIMBr”, PMIMBr and BMIMCl - 
were tested for the selective extraction of cellulose and lignin. Since both cellulose and lignin are 
soluble in these ionic liquids, the challenge was to develop a means by which the two components 
could be recovered, as separate phases, from the ionic liquid solution. Water and ethanol were found 
to be precipitating agents that could be used successfully to separate and recover cellulose and lignin 
respectively. PMIMBr and BMIMCl were found to be effective in the selective extraction and 
fractionation of cellulose and lignin, and, for the first time, recovery of the ionic liquid, for reuse, from 
the saturated mixture of cellulose and lignin, in each of the ionic liquids, was achieved; and  
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(iii) a mixed quercetin, sucrose and malic acid system - Quercetin, sucrose and malic acid were 
all soluble in PMIMBr. The separation of quercetin demonstrates the ability to selectively extract a 
polyphenol as the target material from a simulated mix similar to natural constituents of fruits such as 
apple skin. 
 
Following the development of methodologies to fractionate the components of simulated food 
component mixtures, the extraction trials were extended to the recovery of component(s) from a real 
food system using chocolate (white, milk and dark chocolate) as a model to demonstrate the 
potential of ionic liquids to separate sugar and fat from a complex foodstuff.   
 
The success of ionic liquids, “CMIMBr” and PMIMBr, in the separation of sugars and cocoa butter fat 
from white, milk and dark chocolate demonstrated, for the first time, the ability of ionic liquids to 
separate and recover selected components from a real food system, that is not simply a mix of 
components but is a complex matrix in which the individual components cannot be separately 
identified within the product.  
 
In summary, the results show that as-prepared ionic liquids can be a powerful tool in achieving 
extraction and recovery of components from organic materials, where the ionic liquids, themselves, 
can also be recovered in high yield for recycle, within a closed system.  
 
6.2.4 Development and trialling of a novel IL mix in the 
extraction and esterification of free fatty acids in a “one-
pot” reactor 
 
A major organic food-related waste stream is waste cooking oil which, in the UK, is estimated at 
200,000 tonnes/year and represents an attractive alternative feedstock for biodiesel production. A 
particular feature of waste cooking oils, however, is the elevated levels of free fatty acids that are 
produced during the frying process which reduce the effectiveness of the traditional transesterification 
process to produce biodiesel.  
 
In seeking to address this challenge, the research involved a two-step approach: (i) the identification 
of suitable ILs as extractants for fatty acids and as catalysts for esterification reactions; and (ii) the 
preparation of a simulated waste cooking oil for trialling its conversion to fatty acid methyl esters 
(biodiesel) using a novel IL mix, as extractant and esterification catalyst. 
 
A series of methodologies was adopted to select and verify appropriate ILs for the extraction and 
esterification of fatty acids. The first step was to choose ILs for the selective extraction of fatty acids 
from a mixed system of vegetable oils and fatty acids, where the IL extracts one or other, but not both. 
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The second step was to choose ILs, as catalysts, for esterification of the fatty acids to fatty acid 
methyl esters (biodiesel). Each step involved an IL selection process followed by a verification 
process to ascertain the suitability of the IL in either extraction or esterification. 
 
Fundamental to the selective extraction and selective esterification trials was the ability of the IL to 
selectively solubilise the fatty acid component and not the triglyceride component. Of the eight ILs 
trialled, HPyrBr, BMIMCl and HMIMBr, were found to be suitable fatty acid extracting ILs because 
they dissolved all the fatty acids (palmitic, oleic and linoleic acid) but were not miscible with any of the 
vegetable oils (palm, sunflower and rapeseed oil). BMIMCl was identified as the least effective and 
HPyrBr was chosen as the most suitable IL for selective extraction and successfully demonstrated its 
extractability of fatty acids from vegetable oils. In the same way, both SMIMHSO4 and SPyrHSO4, due 
to their acidic properties, were selected and trialled successfully as catalysts in the esterification 
reaction of fatty acids to fatty acid methyl esters (FAMEs). 
 
Having identified and verified one type of IL, HPyrBr, as suitable for the selective extraction of fatty 
acids, and another type, the Brønsted ILs, (SMIMHSO4 and SPyrHSO4) for the selective esterification 
of fatty acids, two novel IL mixes of HPyrBr/SMIMHSO4 and HPyr/SPyrHSO4 were developed and 
found to exhibit both fatty acid extraction and esterification catalysis properties. Solubility testing of 
fatty acids and their methyl esters in the IL mix showed that the fatty acid extracting property and the 
ester separation mechanism of the IL mix were still preserved. 
 
The novel IL mix (HPyrBr/SMIMHSO4), with the dual-properties capable of extracting free fatty acids 
from a model system, and, separately, esterifying the free fatty acids to fatty acid methyl esters, was 
trialled using a simulated waste cooking oil, derived from pure palm oil. The FAME product was 
characterised and shown to be a mixture of the esters, with a predominance of methyl palmitate, as 
pure materials and no evidence of the free fatty acid precursors. In each case, the recovered IL 
and/or IL mix demonstrated the potential for its reuse within the closed loop process. 
 
These results show that as well as exploiting the properties of ionic liquids in a dual reaction system, 
with a novel IL mix, a further benefit of the developed process is the ability for the first time to conduct 
the extraction of free fatty acids and their esteriification in a “one-pot” reactor. 
 
6.3 Contribution to knowledge 
 
The contribution to knowledge arising from this research, in terms of value recovery from organic 
waste, includes: 
 
 Development of a rapid microwave-assisted method for the synthesis of ionic liquids, (based 
on a selection protocol designed to use as either an open or closed system); 
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 Demonstration that ionic liquids produced by rapid microwave assisted methods (as-
prepared ILs) have properties similar to those of ‘dry’ IL:water mixtures in the context of 
solubility of key food components; 
 
 Development of an ionic liquid methodology for extraction of food and food-related 
components from a single and mixed component systems and a real food system as a step 
towards development of a methodology for extraction of key value components from real 
waste streams; 
 Development of a selection protocol for identification of appropriate IL mixes that possess 
dual properties for use as extractant and esterification catalyst, without compromising the 
effectiveness of either IL within the mix; and 
 
 Development of a novel one-pot IL methodology for the extraction of free fatty acids from a 
simulated waste cooking oil and their subsequent esterification into fatty acid methyl esters 
(biodiesel) as a step towards application to a real system. 
 
6.4 Recommendations for future work 
 
The research described in this thesis has already led to a major collaborative TSB-funded research 
programme (led by Professor Sue Grimes) in which the methodologies developed (and their 
underlying protocols) have been applied to the recovery of key value components from food wastes, 
including fish and beverage wastes, for the selective extraction, fractionation and recovery of higher 
added value components for use as pharmaceuticals, nutraceuticals, cosmeceuticals, chemicals and 
fuels. 
 
Other areas for future research include: 
 
 Extension of the methodologies developed to ILs with low toxicity and good biodegradability 
properties; 
 
 Extension of the methodologies applied to the separation, fractionation and recovery of key 
value components from other waste steams; 
 
 Application of the developed IL mix to a real waste cooking oil derived from a catering 
operation, and to other fat feedstocks with potential to convert to biodiesel; and 
 
 Investigation of the extent of recyclability (number of cycles) for IL reuse in extraction and 
subsequent recovery processes. 
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APPENDIX A: CHARACTERISATION OF FOOD 
WASTE 
Elemental Analysis of food waste 
 
Table A-1 Carbon, nitrogen and phosphorus content in food waste from Morton Hall 
Parameter Mean Standard Deviation 
Total C (%) 50,1 1.5 
Total N (%) 4,4 1.2 
C:N ratio 12:1 1 
P (g/KgDM) 9.2 5.4 
 
Calorific Value of food waste with varying water contents 
 
Dry matter to CV ratio of food waste with different 
water content
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Figure A-1 Dry matter: calorific value ratio of food waste with different water content 
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Figure A-2 Calorific value of food waste with different water content 
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Table A-2 Calorific value (CV) of food waste 
Sample 
(g) 
Water 
Content 
(WC) 
CV value 
(MJ/kg) 
Dry matter: CV 
(a) 
average 
Of 
(a) 
CV:WC 
1.04 0.00 20.84 4.80 
4.80 
0.21 
1.07 0.00 20.86 4.79 0.21 
1.08 0.00 20.81 4.80 0.21 
0.50 27.93 16.10 4.48 
4.58 
0.22 
0.43 27.93 15.44 4.67 0.21 
0.49 27.93 16.09 4.48 0.22 
0.52 34.52 13.00 5.04 
4.17 
0.20 
0.52 34.52 15.83 4.14 0.24 
0.52 34.52 19.65 3.33 0.30 
0.50 39.60 13.95 4.33 
4.59 
0.23 
0.50 41.22 11.98 4.91 0.20 
0.50 38.00 13.67 4.54 0.22 
0.54 49.39 8.44 6.00 
5.54 
0.17 
0.52 49.39 11.11 4.56 0.22 
0.45 49.39 8.35 6.06 0.17 
0.54 49.92 12.13 4.13 
3.95 
0.24 
0.40 49.92 12.81 3.91 0.26 
0.47 49.92 13.12 3.82 0.26 
0.51 51.41 9.28 5.24 
4.97 
0.19 
0.51 51.41 9.13 5.32 0.19 
0.50 51.41 11.17 4.35 0.23 
0.68 60.52 8.13 4.86 
4.21 
0.21 
0.54 60.52 10.68 3.70 0.27 
0.52 60.52 9.67 4.08 0.24 
0.54 69.12 7.80 3.96 
4.04 
0.25 
0.55 69.12 7.50 4.12 0.24 
0.50 76.17 
a
 6.29 3.79 
4.13 
0.26 
0.54 76.17
 a
 6.37 3.74 0.27 
0.53 76.17
 a
 5.35 4.46 0.22 
0.50 76.17
 as
 5.23 4.55 0.22 
 a
 as received water content. 
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APPENDIX B: Karl Fischer titrator validation report 
with water standards 
 
 
Table B-1 Validation of KF coulometer (Water standard 1.0) 
Anolyte solution HYDRANAL Coulomat A (34807) 
Standard: HYDRANAL Water Standard 1.0 (34828) 
Water content 1.010 mg/g 
Standard deviation 0.004 mg/g (n=11) 
Lot no. SZBA2030 
Results Statistical analysis Limit
s 
Sample 
size 
(g) 
Water 
 
(µg) 
Water  
content 
(mg/g) 
Mean (mg/g) 1.007  
 
- 
0.215 216.763 1.0069 Absolute standard deviation (mg/g) 0.0149  - 
0.2672 260.125 0.9998 Releative standard deviation (%) 1.48% ≤2% 
0.4612 478.871 1.0288 Systematic error (µg) 0.50 <5ug 
0.6313 649.601 1.0226 
bscatter (mg/g) -2E-06  ±0.00
1mg/
g 
0.8401 838.947 0.9897 
Recovery (%) 99.73 97-
103% 
1.042 1037.211 0.9901 Instrument: Mettler Toledo C20 Coulometric KF Titrator 
1.226 1258.54 1.0347 
1.4357 1449.232 1.0045 
1.4885 1490.372 1.0037 
1.6349 1623.413 0.9883 
1.8137 1827.582 0.9992 
1.849 1870.429 1.0096 
2.0195 2052.084 1.0169 
 
 
Figure B-1 Linear regression (µg water/sample size) HYDRANAL water standard 1.0 
 
 
 
Figure B-2 Linear regression (scatter diagram), water content/ µg water for HYDRANAL water standard 1. 
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Table B-2 Validation of KF coulometer (Water standard 0.1) 
Anolyte solution HYDRANAL Coulomat A (34807) 
Standard: HYDRANAL Water Standard 0.1 (34847) 
Water content 0.101 mg/g 
Standard deviation 0.002 mg/g (n=10) 
Lot no. SZE90850 
Results Statistical analysis Limits 
Sample 
 size  
(g) 
Water 
 
(µg) 
Water 
 content 
(mg/g) 
Mean (mg/g) 0.103 
 
- 
0.5024 60.679 0.1082 Absolute standard deviation (mg/g) 0.0051 - 
0.648 70.999 0.1061 Releative standard deviation (%) 4.89 ≤5 % 
0.7816 84.057 0.1057 Systematic error (µg) 3.40  <5 ug 
0.7844 84.666 0.1033 bscatter (mg/g) 1E-05 ±0.001mg/g 
0.9076 81.962 0.0902 Recovery (%) 102.38 90-110 % 
0.9863 103.894 0.102 Instrument: Mettler Toledo C20 Coulometric KF Titrator 
1.0683 116.856 0.1068 
1.148 121.967 0.1033 
1.3386 141.306 0.1025 
1.4222 153.275 0.1059 
 
 
 
Figure B-3 Linear regression (µg water/sample size) HYDRANAL water standard 0.1 
 
 
 
Figure B-4 Linear regression (scatter diagram), water content/ µg water for HYDRANAL water standard 
0.1 
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APPENDIX C: Additional characterisation data of ILs 
 
Additional characterisation data of HPyrBr 
 
 
 
Figure C-1 Accurate ESI mass measurement of HPyrBr in negative ionisation mode (in methanol) for 
cluster ions: [2Anion+Cation]
-
 ([C11H18NBr2]
-
) 
 
 
 
 
Figure C-2 Accurate ESI mass measurement of HPyrBr in negative ionisation mode (in methanol) for 
cluster ion: [3Anion+2Cation]
-
 (C22H36N2Br3) 
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Figure C-3 Accurate ESI mass measurement of HPyrBr in positive ionisation mode (in methanol) for 
cluster ions: [2Cation+Anion]
+
 ([C22H38N2Br]
+
 ), [3Cation+2Anion+NaBr]
+
 ([C33H54N3Br3Na]
+
 ) and 
[4Anion+3Cation]
-
 ([C33H54N3Br4]
-
 ) 
 
 
Figure C-4 Accurate ESI mass measurement of HPyrBr in positive ionisation mode (in methanol) for the 
cation ([C11H18N]
+
 ) 
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Additional characterisation data of PMIMBr 
 
 
(a) 
 
(b) 
Figure C-5 ESI-MS spectra of PMIMBr in: a) positive scan (10 v cone voltage) and; b) negative scan (20 v 
cone voltage) in methanol 
APPENDIX         Pajaree Kewcharoenwong 
 
285 
Additional characterisation data of BMIMBr 
 
 
(a) 
 
(b) 
Figure C-6 ESI-MS spectra of BMIMBr in: a) positive scan (10 v cone voltage) and ; b) negative scan (20 v 
cone voltage) in methanol 
 
Table C-1 Positive-ion mode ESI mass spectrum of BMIMBr (10 V cone voltage) in methanol 
Ion species Formula Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Cation]
+
 [C8H15N2]
+
 139.2, 140.2, 141.2 139, 140, 141 
[Cation-butyl group]
+
 [C4H7N2]
+
 83.3, 84.3 83, 84, 85 
[2Cation+Anion]
+
 [C16H30N4Br]
+
 357.4, 358.4, 359.4, 360.4 357, 358, 359, 360, 361, 362 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
 
Table C-2 Negative-ion mode ESI mass spectrum of BMIMBr (20 V cone voltage) in methanol 
Ion species Formula Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Anion]
-
 [Br]
-
 79.1, 81.1 79, 81 
[2Anion+Cation]
-
 [C8H15N2Br2]
-
 297.2, 298.2, 299.2, 300.2, 
301.2, 302.2, 303.2 
297, 298, 299, 300, 301, 302, 
303 
[3Anion+2Cation]
-
 [C16H30N4Br3]
-
 515.3, 516.3, 517.2, 518.2, 
519.2, 520.2, 521.3, 522.3 
515, 516, 517, 518, 519, 520, 
521, 522, 523 
[4Anion+3Cation]
-
 [C24H45N6Br4]
-
 733.3, 734.3, 735.3, 736.3, 
737.3, 738.3, 739.3, 740.3, 
741.4, 742.3, 743.4 
733,734, 735, 736, 737, 738, 
739,740, 741, 742, 743, 744 
[5Anion+4Cation]
-
 [C32H60N8Br5]
-
 951.4, 952.4, 953.4, 954.4, 
955.4, 956.4, 957.4, 958.4, 
959.4, 960.4, 961.4 
951, 953, 953, 954, 955, 956, 
957, 958, 959, 960, 961, 962, 
963, 964 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
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Figure C-7 Assignment of 
1
H NMR chemical shifts for BMIMrBr in DMSO-d6 obtained on a 600 MHz 
spectrometer at 30°C, with reference to TMS chemical shifts. 
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Additional characterisation data of HMIMBr 
 
 
(a) 
 
(b) 
Figure C-8 ESI-MS spectra of HMIMBr in: a) positive scan (20 v cone voltage) and ; b) negative scan (20 v 
cone voltage) in methanol 
 
Table C-4 Positive-ion mode ESI mass spectrum of HMIMBr (10 V cone voltage) in methanol 
(concentration?) 
Ion species Formula Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Cation]
+
 [C10H19N2]
+
 167.2, 168.2, 169.2 167, 168, 169 
[Cation-hexyl group]
+
 [C4H7N2]
+
 83.3, 84.3 83, 84, 85 
[2Cation+Anion]
+
 [C20H38N4Br]
+
 413.5, 414.5, 415.5, 416.5, 
417.5 
413, 414, 415, 416, 417, 418 
[3Cation+2Anion]
+  C
 [C30H57N6Br2]
+
 659.3, 660.3, 661.3, 662.3, 
663.3, 664.3 
659, 660, 661, 662, 663, 664, 
665, 666 
[4Cation+3Anion]
+  C
 [C40H76N8Br3]
+
 905.6, 906.3, 907.3, 908.3, 
909.3, 910.3, 911.3, 912.3,  
913.3 
905, 906, 907, 908, 909, 910, 
911, 912,913, 914 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
C
 Only observed in 20V cone voltage scan. 
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Table C-5 Negative-ion mode ESI mass spectrum of HMIMBr (20 V cone voltage) in methanol 
(concentration?) 
Ion species Formula Detected peak pattern 
(m/z)
a
 
Calculated peak pattern 
(m/z)
a, b
 
[Anion]
-
 [Br]
-
 79.1, 81.1 79, 81 
[2Anion+Cation]
-
 [C10H19N2Br2]
-
 325.2, 326.2, 327.2, 328.2 
329.2, 330.2, 331.2 
325, 326, 327, 328, 329, 330, 
331 
[3Anion+2Cation]
-
 [C20H38N4Br3]
-
 571.3, 572.3, 573.3, 574.3, 
575.3, 576.3, 577.3, 578.3, 
579.3 
571, 572, 573, 574, 575, 576, 
577, 578, 579, 580 
[4Anion+3Cation]
-
 [C30H57N6Br4]
-
 817.4, 818.4, 819.4, 820.4, 
821.4,  825.4, 826.4 
817, 818, 819, 820, 821, 822, 
823, 824, 825, 826, 827, 828 
a
 Bold m/z indicates base peak of the particular peak cluster. 
b
 Only expected peaks with relative abundance higher than 0.1% are stated.  
 
 
 
 
Figure C-9 Assignment of 
1
H NMR chemical shifts for HMIMrBr in DMSO-d6 obtained on a 600 MHz 
spectrometer at 30°C, with reference to TMS chemical shifts. 
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Additional characterisation data of BMIMCl 
 
 
(a) 
 
(b) 
Figure C-10 ESI-MS spectra of BMIMCl in: a) positive scan (10 v cone voltage) and ; b) negative scan (20 v 
cone voltage) in methanol 
 
 
Figure C-11 Assignment of 
1
H NMR chemical shifts for BMIMCl in DMSO-d6 obtained on a 600 MHz 
spectrometer at 30°C, with reference to TMS chemical shifts. 
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Additional characterisation data of SMIMHSO4 
 
(a) 
 
(b) 
Figure C-12 ESI-MS spectra of SMIMHSO4 in: a) positive scan (10 v cone voltage) and ; b) negative scan 
(10 v cone voltage) in methanol 
 
 
Figure C-13 Assignment of 
1
H NMR chemical shifts for SMIMHSO4 in D2O obtained on a 600 MHz 
spectrometer at 30°C, with reference to TMS chemical shifts. 
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Additional characterisation data of SPyrHSO4 
 
 
(a) 
 
(b) 
 
(c) 
 
Figure C-14 ESI-MS spectra of SPyrHSO4 in: a) positive scan (10 v cone voltage); (b) positve scan (50 v 
cone voltage); (c)) negative scan (10 v cone voltage) in methanol 
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Figure C-15 Assignment of 
1
H NMR chemical shifts for SPyrHSO4 in D2O obtained on a 600 MHz 
spectrometer at 30°C, with reference to TMS chemical shifts. Note: the small peaks at chemical shifts 
4.14, 2.07 and 1.24 ppm are due to the residual ethyl acetate which can be removed by continuous drying 
under vacuum at 50°C. 
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Additional characterisation data of ProtoMIMBr 
 
 
(a) 
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(b) 
 
Figure C-16 (a) TG-DSC profile of ProtoMIMBr; and (b) FTIR spectrum of ProtoMIMBr 
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(a) 
 
 
(b) 
 
Figure C-17 ESI-MS spectra of Proto-MIMBr: (a) positive scan (50V); and (b) negative scan (20V) in 
methanol 
 
Characterisation data of starting material 
 
 
Figure C-18 A 600MHz 
1
H NMR spectrum of 1-methylimidazole obtained in DMSO-d6 at 30°C. 
1
H NMR 
(600MHz, DMSO-d6, TMS): 7.54 (s, 1H, NCHN), 7.08 (t, 1H, CH(4), J= 1.3Hz), 6.86 (t, 1H, CH(5), 1.3Hz), 3.63 
(s, 3H, CH3). The chemical shifts at 3.30 and 2.49 ppm are due to HOD and DMSO respectively. 
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APPENDIX D: FTIR SPECTRA OF IL:SOLUTE SOLUTIONS AND THEIR SHIFTS IN 
THE IR ABSORPTION BANDS 
Glucose+IL solutions 
wavenumbers
3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
%
 t
ra
n
s
m
it
ta
n
c
e
40
50
60
70
80
90
100
HPyrBr 1.93M+glucose 
HPyrBr 1.02M+glucose
HPyrBr 0.49M+glucose
HPyrBr 0.14M+glucose
HPyrBr 0.05M+glucose
HPyrBr 0.01M+glucose
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
30
40
50
60
70
80
90
100
PMIMBr 1.97+glucose2M glucose.sp
PMIMBr 0.94M+glucose
PMIMBr 0.48M+glucose
PMIMBr 0.099M+glucose
PMIMBr 0.038M+glucose
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
40
50
60
70
80
90
100
BMIMBr 2M+glucose.spa
BMIMBr 1M+glucose
BMIMBr 0.51M+glucose
BMIMBr 0.092M+glucose
BMIMBr 0.028M+glucose
BMIMBr 0.013M+glucose
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
%
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c
e
40
50
60
70
80
90
100
HMIMBr 1.96M+glucose.spa
HMIMBr 0.84M+glucose.spa
HMIMBr 0.36M+glucose
HMIMBr 0.1M+glucose.spa
HMIMBr 0.081M+glucose
 
wavenumbers
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HMIMBr1.96M+hydroxyapatite
HMIMBr0.84M+hydroxyapatite
HMIMBr0.36M+hydroxyapatite
HMIMBr0.1M+hydroxyapatite
HMIMBr 0.081M+hydroxyapatite
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%
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CMIMBr 0.5M+glucose
CMIMBr 0.038M+glucose
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Sucrose+IL solutions 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
60
65
70
75
80
85
90
95
100
HPyrBr 1.93M+sucrose
HPyrBr 1.02M+sucrose
HPyrBr 0.49M+sucrose
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
40
50
60
70
80
90
100
PMIMBr 1.97M+sucrose
PMIMBr 0.94M+sucrose
PMIMBr 0.48M+scurose
PMIMBr 0.00+sucrose
PMIMBr 0.038M+sucrose
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
12
14
16
18
20
BMIMBr 2M+sucrose
BMIMBr 1M+sucrose
BMIMBr 0.51M+sucrose
BMIMBr 0.092+sucrose
BMIMBr 0.028M+sucrose.spa
BMIMBr 0.013M+sucrose
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
%
 t
ra
n
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m
it
ta
n
c
e
65
70
75
80
85
90
95
100
HMIMBr 1.96M+sucrose
HMIMBr 0.84M+sucrose
HMIMBr 0.36M+sucrose
HMIMBr 0.1M+sucrose
HMIMBr 0.081M+sucrose
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
60
70
80
90
100
110
6
5
1
7
4
9
8
5
1
9
2
5
9
9
5
1
0
5
2
1
1
0
6
1
1
3
4
1
1
6
5
1
2
5
9
1
3
3
6
1
4
2
4
1
5
6
7
1
6
4
12
9
3
1
3
2
9
1
BMIMCl 1.97M+sucrose
BMIMCl 0.93M+sucrose
BMIMCl 0.47M+sucrose
BMIMCl 0.078M+sucrose
BMIMCl 0.04M+sucrose
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CMIMBr0.5M+sucrose
CMIMBr0.038M+sucr...
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Glycine+ILsolutions 
wavenumbers
3500 3000 2500 2000 1500 1000
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glycine
SMIMHSO4 1M+glycine
SMIMHSO4 1M ref
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glycine
SPyrHSO4 1M+glycine
SPyrHSO4 2M ref
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CMIMBr0.5M+glycine
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L-glutamic acid+IL solutions 
wavenumbers
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L-glutamic acid
SMIMHSO4 1M+L-glutamic acid
SMIMHSO4 1M ref
 
wavenumbers
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CMIMBr 0.038M+L-glutamic acid
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SPyrHSO4 1M+L-glutamic acid
SPyrHSO4 0.063M+L-glutamic acid
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Palmitic acid+IL solutions 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
50
60
70
80
90
100
HPyrBr 1.93M+palmitic acid
HPyrBr 1.02M+palmitic acid
HPyrBr 0.49M+palmitic acid
HPyrBr 0.14M+palmitic acid
HPyrBr 0.05M+palmitic acid
HPyrBr 0.01M+palmitic acid
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
10
12
14
16
18
PMIMBr 0.94M+palmitic acid
PMIMBr0.48M+palmitic acid
PMIMBr 0.099M+palmitic acid
PMIMBr 0.038M+palmitic acid
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
4
5
6
7
8
9
10
BMIMBr 2M+palmitic acid
BMIMBr 1M+palmitic acid
BMIMBr 0.51M+palmitic acid
BMIMBr 0.092M+palmitic acid
BMIMBr 0.028M+palmitic acid
BMIMBr 0.038M+palmitic acid
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
50
60
70
80
90
100
HMIMBr2M+palmitic acid
HMIMBr1M+palmitic acid
HMIMBr0.36M+palmitic acid
HMIMBr0.1M+palmitic acid
HMIMBr 0.081M+palmitic acid
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
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40
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60
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100
BMIMCl 1.97M+palmitic acid
BMIMCl 0.93M+palmitic acid
BMIMCl 0.47M+palmitic acid
BMIMCl 0.078M+palmitic acid
BMIMCl 0.04M+palmitic acid
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Oleic acid+IL solutions 
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
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70
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HPyrBr 1.93M+oleic acid
HPyrBr 1.02M+oleic acid
HPyrBr 0.49M+oleic acid
HPyrBr 0.14M+oleic acid
HPyrBr 0.05M+oleic acid
HPyrBr 0.01M+oleic acid
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
7.5
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PMIMBr 0.099M+oleic acid
PMIMBr 0.038M+oleic acid
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BMIMBr 2M+oleic acid
BMIMBr 1M+oleic acid
BMIMBr 0.51M+oleic acid
BMIMBr 0.092+oleic acid
BMIMBr 0.028M+oleic acid
BMIMBr 0.013M+oleic acid
 
wavenumbers
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HMIMBr1.96M+oleic acid
HMIMBr0.84M+oleic acid
HMIMBr0.36M+oleic acid
HMIMBr0.1M+oleic acid
 
wavenumbers
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90
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BMIMCl 1.96M+oleic acid
BMIMCl 0.93M+oleic acid
BMIMCl 0.36M+oleic acid
BMIMCl 0.078M+oleic acid
BMIMCl 0.04M+oleic acid
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Linoleic acid+solutions 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
70
75
80
85
90
95
100
HPyrBr1.97M+linoleic acid
HPyrBr1.02M+linoleic acid
HPyrBr 0.49M+linoleic acid
HPyrBr 0.14M+linoleic acid
HPyrBr0.05M+linoleic acid
HPyrBr0.01M+linoleic acid
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
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n
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n
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e
70
75
80
85
90
95
100
PMIMBr0.48M+linoleic acid
PMIMBr0.099M+linoleic acid
PMIMBr0.038M+linoleic acid
 
3500 3000 2500 2000 1500 1000
%
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n
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ta
n
c
e
12
13
14
15
16
17
BMIMBr2M+linoleic acid
BMIMBr1M+linoleic acid
BMIMBr0.51M+linoleic acid
BMIMBr0.092M+linoleic acid
BMIMBr0.028M+linoleic acid
BMIMBr0.013M+linoleic acid
 
wavenumbers
3500 3000 2500 2000 1500 1000
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e
75
80
85
90
95
100
HMIMBr2M+linoleic acid
HMIMBr1M+linoleic acid
HMIMBr0.51M+linoleic acid
HMIMBr0.028M+linoleic acid
HMIMBr0.081M+linoleic acid
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
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n
c
e
50
60
70
80
90
100
BMIMCl 1.97M+linoleic acid
BMIMCl 0.93M+linoleic acid
BMIMCl 0.47M+linoleic acid
BMIMCl 0.078M+linoleic acid
BMIMCl0.04M+linoleic acid
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Glycerol+IL solutions 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
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m
it
ta
n
c
e
40
50
60
70
80
90
100
HPyrBr 1.93M glycerol.spa
HPyrBr 1.02M glycerol.spa
HPyrBr 0.49M glycerol.spa
HPyrBr 0.14M+glycerol
HPyrBr 0.05M+glycerol
HPyrBr 0.01M+glycerol
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
50
60
70
80
90
100
PMIMBr 1.97M+glycerol.spa
PMIMBr0.94M+glycerol
PMIMBr0.46+glycerol
PMIMBr 0.099M+glycerol
PMIMBr 0.038M+glycerol
 
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8
BMIMBr2M+glycerol
BMIMBr1M+glycerol
BMIMBr 0.51M+glycerol
BMIMBr 0.028M+glycerol
BMIMBr 0.013M+glycerol
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
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90
95
100
HMIMBr1.69M+glycerol
HMIMBr0.84M+glycerol
HMIMBr0.36M+glycerol
HMIMBr0.1+glycerol
HMIMBr 0.081M+glycerol
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
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65
70
75
80
85
90
95
100
BMIMCl 1.93M+glycerol
BMIMCl 0.93M+glycerol
BMIMCl 0.47M+glycerol
BMIMCl 0.078M+glycerol
BMIMCl 0.04M+glycerol
 
wavenumbers
3500 3000 2500 2000 1500 1000
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70
75
80
85
90
95
100
glycerol
CMIMBr 0.038M ref+glycerol
CMIMBr 0.038M ref
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Glycerol+IL solutions 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
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SMIMHSO4 0.995M+glycerol
SMIMHSO4 0.081M+glycerol
 wavenumbers
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SPyrHSO4 0.996M+glycerol
SPyrHSO4 0.063M+glycerol
 
 
Lactic acid+IL solutions 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
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100
SMIMHSO4 0.995M+lactic.spa
SMIMHSO4 0.081M+lactic acid
 wavenumbers
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100
SPyrHSO4 0.996M+lactic acid
SPyrHSO4 0.063M+lactic acid
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Lactic acid+IL solutions 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
60
65
70
75
80
85
90
95
100
HPyrBr 2M+lactic acid
HPyrBr 1M+lactic acid
HPyrBr 0.5M+lactic acid
HPyrBr 0.1M+lactic acid
HPyrBr 0.05M+lactic acid
HPyrBr 0.01M+lactic acid
 
wavenumbers
3500 3000 2500 2000 1500 1000
%
 t
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n
s
m
it
ta
n
c
e
60
70
80
90
100
110
6
5
1
7
3
2
7
4
4
7
5
9
8
2
1
9
2
0
1
0
4
5
1
1
2
8
1
1
7
0
1
2
0
7
1
3
7
2
1
4
5
6
1
5
7
1
1
6
4
2
1
7
2
9
2
0
0
1
2
5
4
1
2
9
3
9
2
9
7
7
3
1
5
2
3
3
1
1
PMIMBr 1.97M+lactic acid
PMIMBr 0.94M+lactic acid
PMIMBr 0.46M+lactic acid
PMIMBr 0.099M+lactic acid
PMIMBr 0.038M+lactic acid
 
wavenumbers
3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
%
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ra
n
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ta
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e
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20
BMIMBr2M+lactic acid
BMIMBr1M +actic acid
BMIMBr0.51M+lactic acid
BMIMBr 0.092M+lactic acid
BMIMBr 0.028M+lactic acid
BMIMBr l0.013M+lactic acid
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
%
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m
it
ta
n
c
e
60
70
80
90
100
HMIMBr1.96M+lactic acid
HMIMBr0.84M+lactic acid
HMIMBr0.36M+lactic acid
HMIMBr0.1M+lactic acid
HMIMBr 0.081M+lactic acid
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BMIMCl 1.93M+lactic a ...
BMIMCl 0.93M+lactic a ...
BMIMCl 0.47M+lactic a ...
BMIMCl 0.078M+lactic
BMIMCl 0.04M+lactic a ...
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000 500
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CMIMBr 0.5M+lactic acid
CMIMBr 0.038M+lactic acid
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Lignin+IL solutions 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
%
 t
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n
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ta
n
c
e
60
70
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100
HPyrBr1.93M+lignin
HPyrBr1.02M+lignin
 
wavenumbers
3500 3000 2500 2000 1500 1000
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ta
n
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e
50
60
70
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100
PMIMBr0.099M+lignin
PMIMBr0.038M+lignin
PMIMBr1.97M+lignin
PMIMBr0.94M+lignin
PMIMBr0.48M+lignin
 
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
3
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4.2
4.4
4.6
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lignin
BMIMBr 0.51Mref
BMIMBr0.51M+lignin
 
wavenumbers
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HMIMBr2M lignin.spa
HMIMBr1M lignin.spa
 
wavenumbers
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BMIMCl 1.97M+lignin
BMIMCl 0.93M+lignin
BMIMCl 0.47M+lignin
BMIMCl 0.078M+lignin
BMIMCl 0.04M+lignin
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000 500
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90
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100
CMIMBr0.038M+lignin
CMIMBr 0.5M+lignin
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Hydroxyapatite+IL solutions 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
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HPyrBr 0.49M+hydroxyapatite
HPyrBr 0.14M+hydroxyapatite
 
wavenumbers
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PMIMBr 0.038M+hydroxyapatite
PMIMBr0.48M+hydroxyapatite
PMIMBr 0.099M+hydroxyapatite
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
%
 t
ra
n
s
m
it
ta
n
c
e
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65
70
75
80
85
90
95
100
HMIMBr1.96M+hydroxyapatite
HMIMBr0.84M+hydroxyapatite
HMIMBr0.36M+hydroxyapatite
HMIMBr0.1M+hydroxyapatite
HMIMBr 0.081M+hydroxyapatite
 
wavenumbers
4000 3500 3000 2500 2000 1500 1000
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BMIMCl 0.93M+hydroxyapatite
BMIMCl 0.47M+hydroxyapatite
BMIMCl 0.078M+hydroxyapatite
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CMIMBr 0.5M+hydroxyapatite
CMIMBr 0.038M+hydroxyapatite
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Quercetin+IL solutions 
wavenumbers
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HPyrBr 1.93M+quercetin
HPyrBr 1.02M+quercetin
HPyrBr 0.49M+quercetin
HPyrBr 0.01M+quercetin
 
wavenumbers
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PMIMBr 1.97M+quercetin
PMIMBr0.48M+quercetin
PMIMBr0.099M+quercetin
PMIMBr 0.038M+quercetin
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BMIMBr 0.013M+quercetin
BMIMBr 2M+quercetin
BMIMBr1M+quercetin
BMIMBr0.51+quercetin
BMIMBr0.092M+quercetin
BMIMBr 0.028M+quercetin
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HMIMBr0.71M+quercetin
HMIMBr0.84M+quercetin
HMIMBr0.36M+quercetin
HMIMBr0.1M+quercetin
HMIMBr 0.081M+quercetin
 
wavenumbers
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BMIMCl 1.97M+quercetin
BMIMCl 0.93M+quercetin
BMIMCl 0.47M+quercetin
BMIMCl 0.078M+quercetin
BMIMCl 0.04M+quercetin
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Quercetin+IL solutions 
wavenumbers
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Table D-1 Shifts in IR absorption bands of glucose:IL solutions at different water concentrations 
Carbohydrate: Glucose 
IL 
IL:water  
mole ratio 
Original Peaks 
cm
-1
 
New Peaks 
cm
-1
 
Delta Shift 
(Original-
new) 
cm
-1
 
IL/Solute Functional Group 
HPyrBr 1:0.01 
3500 3414 86 IL/glucose OH stretching band of water and hydroxyl group of glucose 
3066 3022 (broad) 44 IL Aromatic C-H stretching 
2953 2953 0 IL Aliphatic C-H stretching (asym. CH3) 
2928 2927 1 IL  Aliphatic C-H stretching (asym. CH2) 
2860 2858 2 IL  Aliphatic C-H stretching (sym. CH2) 
1340 1344 -4 glucose C-OH and C-CH bending 
1146 1141 5 glucose C-O stretching 
1119 1115 4 glucose C-O stretching 
910 911 (broad) -1 glucose Ring of pyranose and C-O stretching 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
PMIMBr 1:0.038 
3434 3309 125 IL/glucose OH stretching band of water and hydroxyl group of glucose 
3138 3147 -9 IL Aromatic C-H stretching 
3057 3083 -26 IL Aromatic ring C(2)H stretching band 
2876 2878 -2 IL Aliphatic C-H stretching (sym. CH2) 
1110 / 1104 1094 
 
glucose C-O stretching 
1049, 1021 / 1015 1046 / 1033 
 
glucose C-O stretching 
994 - (broad) 
 
glucose C-O stretching 
916 907 9 glucose Ring of pyranose and C-O stretching 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMBr 1:0.013 
3406 3308 
 
glucose Hydroxyl group of glucose 
3126 3145 -19 IL Aromatic ring HC(4)C(5)H stretching band 
3082 3079 3 IL Aromatic ring C(2)H stretching band 
2963 / 2946 2958 
 
IL Aliphatic C-H stretching (asym. CH3) 
2868 2873 -5 IL Aliphatic C-H stretching (sym. CH2) 
2839 (broad) - IL Aliphatic C-H stretching (sym. CH2) 
1340 1337 3 glucose C-CH and O-CH bending 
1224 (broad) - glucose C-H and OH bending 
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Carbohydrate: Glucose 
IL 
IL:water  
mole ratio 
Original Peaks 
cm
-1
 
New Peaks 
cm
-1
 
Delta Shift 
(Original-
new) 
cm
-1
 
IL/Solute Functional Group 
  
1203 (broad) - glucose C-H and OH bending 
1110 / 1104 1096 (broad) 
 
glucose C-O bending 
1021 / 1015 1027 
 
glucose C-O bending 
916 905 (broad) 
 
glucose Ring of pyranose and C-O stretching 
838 842 (broad) 
 
glucose C-H bending 
775 764 11 glucose C-CO and C-CH bending  
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HMIMBr 1:0.081 
3434 3312 122 IL OH stretching band of water 
3138 3145 -7 IL Aromatic ring HC(4)C(5)H stretching band 
3058 3082 -24 IL Aromatic ring C(2)H stretching band 
1110/1104 1095 (broad) 
 
glucose C-O bending 
1049/1021/1015 1044/1029 
 
glucose C-O bending 
990 994 -4 glucose C-O bending 
832 841 (broad) 
 
IL C-H bending 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMCl 1:0.04 
3406 3274 132 glucose Hydroxyl group of glucose 
3152 3146 6 IL Aromatic ring HC(4)C(5)H stretching band 
3091/3113 3084 
 
IL Aromatic ring C(2)H stretching band 
1466 1462 4 glucose OH and C-CH bending  
1388 1382 6 glucose O-CH, C-OH and C-CH bending 
1110/1104 1098 
 
glucose C-O bending 
1078 1075 3 glucose C-O bending 
1049 1045 4 glucose C-O bending 
1021/1015 1030 
 
glucose C-O bending 
994 991 3 glucose C-O bending 
838 846 -8 glucose C-H bending 
775 767 8 glucose C-CO and C-CH bending 
731 702 29 glucose C-CH bending 
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Carbohydrate: Glucose 
IL 
IL:water  
mole ratio 
Original Peaks 
cm
-1
 
New Peaks 
cm
-1
 
Delta Shift 
(Original-
new) 
cm
-1
 
IL/Solute Functional Group 
“CMIMBr” 1:0.038 
3406 3317 89 glucose Hydroxyl group of glucose 
3116 3135 -19 IL Aromatic ring HC(4)C(5)H stretching band 
3084 3096 -12 IL Aromatic ring C(2)H stretching band 
3047 3048 -1 IL Aromatic ring C(2)H stretching band 
3001 3005 -4 IL Aromatic ring C-H stretching band 
2945 2931 14 IL Aliphatic C-H stretching (asym. CH3) 
2835 2843 -8 IL Aliphatic C-H stretching (sym. CH2) 
1459 1439 20 glucose OH and C-CH bending 
1131 1148 -17 glucose C-O stretching 
1021/1015/994 1012 (broad) - glucose C-O bending 
 
Table D-2 Shifts in IR absorption bands of sucrose:IL solutions at different water concentrations 
Carbohydrate: Sucrose 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HPyrBr 1:0.49 
3420 3308 112 IL OH stretching band of water 
3124 3124 (broad) - IL Aromatic C-H stretching 
3020 3089 / 3059 
 
IL  Aromatic C-H stretching 
2955 2952 3 IL  Aliphatic C-H stretching (asym. CH3) 
2930 2930 / 2917 
 
IL  Aliphatic C-H stretching (asym. CH2) 
2858 2863 -5 IL Aliphatic C-H stretching (sym. CH2) 
1218 1218 (broad) - Sucrose C-O-C glycosidic linkage 
1067 1170 (broad) 103 Sucrose C-O-C glycosidic linkage 
1050 1027 broad 23 Sucrose C-O-C glycosidic linkage 
PMIMBr 1:0.038 
3434 3311 123 IL OH stretching band of water 
3138 3143 -5 IL Aromatic ring HC(4)C(5)H stretching band 
3057 3073 -16 
 
Aromatic ring C(2)H stretching band 
1126 / 1115 1135 
 
sucrose C-O-C glycosidic linkage 
1104 1092 12 sucrose C-O-C glycosidic linkage 
1050 1051 (broad) -1 sucrose C-O-C glycosidic linkage 
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Carbohydrate: Sucrose 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
989 998 -9 sucrose CH2 bending 
942 / 908 923 - sucrose CH2 bending 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMBr 1:0.013 
3323 / 3314 3319 
 
sucrose Hydroxyl group of sucrose 
3126 3144 -18 IL Aromatic ring HC(4)C(5)H stretching band 
3082 3082 (broader) 
 
IL Aromatic ring C(2)H stretching band 
2963 / 2946 2960 (broad) 
 
IL Aliphatic C-H stretching (asym. CH3) 
2933 2932 (broad) 
 
IL Aliphatic C-H stretching (sym. CH2) 
2868 2870 -2 IL Aliphatic C-H stretching (sym. CH2) 
1067 / 1056 / 1038 1050 (broad) 
 
sucrose C-O-C glycosidic linkage 
1013 / 1004 1011 
 
sucrose C-O-C glycosidic linkage 
989 994 -5 sucrose CH2 bending 
968 942 26 sucrose CH2 bending 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HMIMBr 1:0.081 
3323 3274 49 sucrose Hydroxyl group of sucrose 
3138 3146 -8 IL Aromatic ring HC(4)C(5)H stretching band 
3058 3074 -16 IL Aromatic ring C(2)H stretching band 
1236 1228 8 sucrose C-O-C glycosidic linkage 
1208 1199 9 sucrose C-O-C glycosidic linkage 
1126 1131 -5 sucrose C-O-C glycosidic linkage 
1115 / 1104 1105 / 1092 
 
sucrose C-O-C glycosidic linkage 
1067/1050/1038 1052 
 
sucrose C-O-C glycosidic linkage 
1004/989 999 
 
sucrose C-O-C glycosidic linkage 
942 949 -7 sucrose CH2 bending 
908 932 -24 sucrose CH2 bending 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMCl 1:0.04 
3323 3273 50 sucrose Hydroxyl group of sucrose 
3152 3145 (broad) 7 IL Aromatic ring HC(4)C(5)H stretching band 
3091 3079 (broad) 12 IL Aromatic ring C(2)H stretching band 
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Carbohydrate: Sucrose 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
2968 2959 9 IL Aliphatic C-H stretching (asym. CH3) 
2936 2933 3 IL Aliphatic C-H stretching (sym. CH2) 
2850 broad - IL Aliphatic C-H stretching (sym. CH2) 
1208 1200 8 sucrose C-O-C glycosidic linkage 
1104 1108 (broad) -4 sucrose C-O-C glycosidic linkage 
1067/1050/1038 1052 (broad) - sucrose C-O-C glycosidic linkage 
1013/1004/984 997 (broad) - sucrose C-O-C glycosidic linkage 
908 923 -15 sucrose CH2 bending 
867 862 (broad) 5 sucrose CH2 bending 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
“CMIMBr” 1:0.038 
3323 3299 24 IL Hydroxyl group of sucrose 
3047 3149 ! IL Aromatic ring C(2)H stretching band 
2945 2922 23 IL Aliphatic C-H stretching (asym. CH3) 
2835 2881 -46 IL Aliphatic C-H stretching (sym. CH2) 
1279 1281 -2 sucrose C-O-C glycosidic linkage 
1208/1170/1161 1190 
 
sucrose C-O-C glycosidic linkage 
1126/1115/1104 1024 (broad) 
 
sucrose C-O-C glycosidic linkage 
1067/1050/1038 1024 (broad) 
 
sucrose C-O-C glycosidic linkage 
1013/1004/989 986 
 
sucrose C-O-C glycosidic linkage and CH2 bending 
 
Table D-3 Shifts in IR absorption bands of starch:IL solutions at different water concentrations 
Carbohydrate: Starch 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HPyrBr ALL No shifts in absorption bands. 
PMIMBr ALL No shifts in absorption bands. 
BMIMBr ALL No shifts in absorption bands. 
BMIMCl ALL No shifts in absorption bands. 
“CMIMBr” ALL No shifts in absorption bands. 
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Table D-4 Shifts in IR absorption bands of cellulose:IL solutions at different water concentrations 
Carbohydrate: Cellulose 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HPyrBr ALL No shifts in absorption bands. 
PMIMBr ALL No shifts in absorption bands. 
BMIMBr ALL No shifts in absorption bands. 
BMIMCl ALL No shifts in absorption bands. 
“CMIMBr” ALL No shifts in absorption bands. 
 
Table D-5 Shifts in IR absorption bands of lactic acid:IL solutions at different water concentrations 
Organic acid: Lactic Acid 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HPyrBr 1:0.01 
3361 3311 50 lactic acid OH stretch of lactic acid 
3006 3055 -49 IL Aromatic C-H stretching band 
2953 2957 -4 IL Aliphatic C-H stretching (asym. CH3) 
2928 2935 -7 IL  Aliphatic C-H stretching (asym. CH2) 
2860 2863 -3 IL  Aliphatic C-H stretching (sym. CH2) 
1722 1736 -14 lactic acid C=O stretch of COOH 
1213 1194 19 Lactic acid C-O bending or OH bending 
* OH stretching bands of water shows red shifts at higher water concentrations. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
PMIMBr 1:0.038 
3361 3335 26 
IL and lactic 
acid 
OH stretch of lactic acid 
3430 3335 95 IL OH stretch of water 
3138 3149 -11 IL Aromatic ring HC(4)H(5) stretching band 
3057 3089 -32 IL Aromatic ring CH(2) stretching band 
2987 2977 10 lactic acid aliphatic C-H stretching band 
1722 1730 -8 lactic acid C=O of COOH 
1213 1196 17 Lactic acid C-O bending or OH bending 
1126 1123 3 Lactic acid C-O stretch or CH3 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMBr 1:0.013 3361 3328 33 lactic acid OH stretch of lactic acid 
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Organic acid: Lactic Acid 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
3126 3149 -23 IL Aromatic ring HC(4)H(5) stretching band 
3082 3091 -9 IL Aromatic ring CH(2) stretching band 
2940 2937 3 lactic acid Aliphatic C-H stretching band 
1722 1730 -8 lactic acid C=O of COOH 
1213 1196 17 lactic acid C-O bending or OH bending 
1126 1124 2 lactic acid C-O stretch or CH3 
* OH stretching bands of water shows red shifts at higher water concentrations. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HMIMBr 1:0.081 
3361 3330 31 Lactic acid OH stretch of lactic acid 
3416 3330 184 IL OH stretching band of water 
3138 3145 -7 IL Aromatic ring HC(4)H(5) stretching band 
3058 3086 -28 IL Aromatic ring CH(2) stretching band 
2954 2957 -3 IL Aliphatic C-H stretching (asym. CH3) 
2929 2932 -3 IL Aliphatic C-H stretching (sym. CH2) 
2857 2862 -5 IL Aliphatic C-H stretching (sym. CH2) 
1722 1733 -11 lactic acid C=O of COOH 
1568 1571 -3 IL Ring C=C stretch 
1459 1457 2 IL C-CH2 bending 
1213 1191 22 lactic acid C-O bending or OH bending 
BMIMCl 1:0.04 
3361 3240 121 lactic acid OH of lactic acid 
3113 broad - IL Aromatic ring HC(4)H(5) stretching band 
3091 3102 -11 IL Aromatic ring CH(2) stretching band 
2968 2965 3 IL Aliphatic C-H 
2936 2938 -2 IL Aliphatic C-H 
2872 2877 -5 IL C-CH2 stretch 
1722 1728 -6 lactic acid C=O of COOH 
1213 1199 14 lactic acid C-O bending or OH bending 
* OH stretching bands of water shows red shifts at higher water concentrations. 
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Organic acid: Lactic Acid 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
SMIMHSO4 1:0.081 
3361 3356 5 Lactic acid OH stretch of lactic acid 
3400 3356 44 IL OH stretching band of water 
3157 3154 3 IL Aromatic ring HC(4)H(5) stretching band 
1722 1738 -16 lactic acid C=O of COOH 
1213 1167 46 lactic acid C-O bending, OH bending 
1044 1039 5 lactic acid C-CH3 stretch 
IL 
Water 
Content 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
SPyrHSO4 1:0.063 
3361 3357 4 lactic acid OH stretch of lactic acid 
3400 3357 43 IL OH stretching band of water 
1722 1738 -16 lactic acid C=O of COOH 
1213 1199 14 lactic acid C-O bending, OH bending 
1023 1031 -8 IL S=O stretching band 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
“CMIMBr” 1:0.038 
3115 3150 -35 IL Aromatic ring HC(4)C(5)H stretching band 
1722 1724 -2 lactic acid C=O of COOH 
1375 1373 2 IL C-CH3 bending 
1213 1205 8 lactic acid C-O bending, OH bending 
* OH stretching bands of water shows red shifts at higher water concentrations. 
 
Table D-6 Shifts in IR absorption bands ofglycerol:IL solutions at different water concentrations 
Fat: Glycerol 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HPyrBr 1:0.01 
3292 3333 -41 Glycerol OH stretching of glycerol 
3006 3049 -43 IL Aromatic ring CH stretching band 
2928 2931 -3 IL  Aliphatic C-H stretching (asym. CH2) 
2860 2862 -2 IL  Aliphatic C-H stretching (sym. CH2) 
* OH stretching bands of water shows red shifts at higher water concentrations. 
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Fat: Glycerol 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
PMIMBr 1:0.038 
3282 3335 -53 Glycerol OH of Glycerol 
3434 3335 3434 IL OH stretching band of water  
3138 3147 -9 IL Aromatic ring HC(4)C(5)H stretching band 
3057 3088 -31 IL Aromatic ring CH(2) stretching band 
1035 1042 -7 Glycerol C-O stretch 
920 924 -4 Glycerol CH2-OH 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMBr 1:0.013 
3292 3328 -36 Glycerol OH of Glycerol 
2879 2874 5 Glycerol Aliphatic C-H stretch of glycerol 
1569 1571 -2 IL C=C Ring 
1455 1461 -6 Glycerol CH and OH bending 
1164 1167 -3 IL Ring C-N 
1035 1037 -2 Glycerol C-O stretch 
924 919 5 Glycerol CH2-OH 
* OH stretching bands of water shows red shifts at higher water concentrations. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HMIMBr 1:0.081 
3288 3382 -94 Glycerol OH of Glycerol 
3416 3382 34 IL OH stretching band of water 
3138 3316 -178 IL Aromatic ring HC(4)C(5)H stretching band 
3058 2995 broad 63 IL Aromatic ring CH(2) stretching band 
2933 2927 6 Glycerol C-C-H bend 
2878 2862 16 Glycerol Aliphatic C-H stretch of glycerol  
1412 1397 15 Glycerol CH or OH 
1208 1251 -43 Glycerol C-H or OH 
1108 1111 -3 Glycerol C-O stretch 
922 908 14 Glycerol CH2-OH 
1033 1036 -3 Glycerol C-O stretch 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMCl 1:0.04 3288 3307 -19 Glycerol OH stretching of glycerol 
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Fat: Glycerol 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
1560 1571 -11 IL Ring C=C stretching 
1208 1199 9 Glycerol C-H or OH bending 
1163 1169 -6 IL Ring C-N stretching 
1033 1042 -9 Glycerol C-O stretch 
922 927 -5 Glycerol CH2-OH 
* OH stretching bands of water shows red shifts at higher water concentrations. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
“CMIMBr” 0.038 
3288 3317 -29 Glycerol OH stretching of glycerol 
3117 3128 -11 IL Aromatic ring HC(4)C(5)H stretching band 
3047 3071 -24 IL Aromatic ring CH(2) stretching band 
2933 2929 4 Glycerol C-C-H bend 
2879 2876 3 Glycerol C-H stretch 
1576 1585 -9 IL C=C Ring 
1542 1551 -9 IL C=C Ring 
1299 1283 16 IL Ring C-N 
1033 1042 -9 Glycerol C-O stretch 
* OH stretching bands of water shows red shifts at higher water concentrations. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
SMIMHSO4 0.081 
3406 3389 17 IL OH stretching band of water 
3288 3389 -101 Glycerol OH stretching of glycerol 
3157 3153 4 IL Aromatic ring HC(4)H(5) stretching band 
3018 broad - IL Aromatic ring CH(2) stretching band 
2933 2942 -9 Glycerol C-C-H bending 
1157 1164 -7 IL S=O stretching band 
1108 1112 -4 Glycerol C-O stretch 
922 915 7 Glycerol CH2-OH 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
SPyrHSO4 0.063 
3288 3347 -59 Glycerol OH stretching of glycerol 
3069 3067 2 IL Aromatic ring CH(2) stretching band 
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Fat: Glycerol 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
2933 2935 -2 Glycerol C-C-H bend 
2938 2935 3 IL Aliphatic C-H stretching band 
1154 1174 -20 IL S=O stretching band 
1033 1036 -3 Glycerol C-O stretch 
922 926 -4 Glycerol C-O stretch 
 
Table D-7 Shifts in IR absorption bands ofpalmitic acid:IL solutions at different water concentrations 
Fatty Acid: Palmitic Acid 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
PMIMBr 0.038 
3434 3397 (reduced) 37 IL OH stretching band of water 
3057 3055 2 IL Aromatic ring CH(2) stretching band 
1698 1698 0 Palmitic acid C=O stretch of COOH 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMBr 0.013 No shifts in absorption bands. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HMIMBr 0.081 
3434 3425 (reduced) 9 IL OH stretching band of water 
3058 3055 3 IL Aromatic ring CH(2) stretching band 
2915 2918 -3 Palmitic acid Aliphatic CH3 sym. 
2848 2850 -2 Palmitic acid Aliphatic of CH2 asym. 
1698 1713 -15 Palmitic acid C=O stretch of COOH 
BMIMCl 0.04 
3152 3137 15 IL Aromatic ring HC(4)H(5) stretching band 
3091 3110 -19 IL Aromatic ring CH(2) stretching band 
2915 2917 -2 Palmitic acid Aliphatic CH2 asym. 
1698 1703 -5 Palmitic acid C=O stretch of COOH 
* OH stretching band of water reduces in intensity in IL:palmitic acid at higher water concentrations. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HPyrBr 0.01 3006 - - IL Aromatic ring C-H stretching band 
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Fatty Acid: Palmitic Acid 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
2915 2917 -2 Palmitic acid C-H stretching of CH2 (asym) 
2848 2850 -2 Palmitic acid C-H stretching of CH2 (sym) 
1698 1701 -3 Palmitic acid C=O stretch of COOH 
* OH stretching band of water reduces in intensity in IL:palmitic acid at higher water concentrations. 
 
Table D-8 Shifts in IR absorption bands ofoleic acid:IL solutions at different water concentrations 
Fatty Acid: Oleic Acid 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
PMIMBr 0.038 
3440 3340 (reduced) 0 IL OH stretching band of water 
3138 3141 -3 IL Aromatic ring HC(4)H(5) stretching band 
3057 3070 -13 IL Aromatic ring CH(2) stretching band 
1708 1718 -10 Oleic acid COOH 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMBr 0.013 No shift in absorption bands. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HMIMBr 0.081 
3434 disappear - IL OH 
3138 3115 23 IL Aromatic ring HC(4)H(5) stretching band 
3058 3001 57 IL Aromatic ring CH(2) stretching band 
1708 1719 -11 Oleic acid C=O stretch of COOH 
BMIMCl 0.04 
3091 3089 2 IL Aromatic ring CH(2) stretching band 
1708 1714 -6 Oleic acid C=O stretch of COOH 
* OH stretching band of water reduces in intensity in IL:palmitic acid at higher water concentrations. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HPyrBr 0.01 
1708 1719 -11 Oleic acid C=O stretch of COOH 
1456 1466 -10 IL C-CH2 bending 
1328 1344 -16 IL Ring bending C-H 
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Fatty Acid: Oleic Acid 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
1175 1178 -3 IL Ring C-N stretching  
791 774 17 IL Ring C-N bending 
* OH stretching band of water reduces in intensity in IL:palmitic acid at higher water concentrations. 
 
Table D-9 Shifts in IR absorption bands of linoleic acid:IL solutions at different water concentrations 
Fatty Acid: Linoleic Acid 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
PMIMBr 0.038 
3434 3395 (reduced) 39 IL OH stretching band of water 
3057 3063 -6 IL Aromatic ring CH(2) stretching band 
1708 1720 -12 Linoleic acid C=O stretch of COOH 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMBr 0.013 No shifts in absorption bands. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HMIMBr 0.081 
3054 3070 -16 IL Aromatic ring CH(2) stretching band 
1708 1720 -12 Linoleic acid C=O stretch of COOH 
* OH stretching band of water reduces in intensity in IL:palmitic acid at higher water concentrations. 
1708 1719 -11 Linoleic acid C=O stretch of COOH 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HPyrBr 1:0.01 
1456 1466 -10 IL C-CH2 bending 
1378 1395 -17 Linoleic acid CH2 scissoring 
1218 1220 -2 IL C-H Ring bending 
1175 1177 -2 IL C-N Ring stretching 
* OH stretching band of water reduces in intensity in IL:palmitic acid at higher water concentrations. 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMCl 0.04 
3152 3128 24 IL Aromatic ring HC(4)H(5) stretching band 
3091 3084 7 IL Aromatic ring CH(2) stretching band 
3009 3000 9 Linoleic acid CH stretching of CH3 (asym.) 
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Fatty Acid: Linoleic Acid 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
1708 1717 -9 Linoleic acid C=O stretch of COOH 
* OH stretching band of water reduces in intensity in IL:palmitic acid at higher water concentrations. 
 
Table D-10 Shifts in IR absorption bands of lignin:IL solutions at different water concentrations 
Lignin 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
PMIMBr 0.038 No shifts in absorption bands 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMBr 
0.51 
3403 3416 -13 IL OH stretching band of water 
3065 3067 -2 IL Aromatic ring CH(2) stretching band 
2 
3433 3413 20 IL OH stretching band of water 
3139 3145 -6 IL Aromatic ring HC(4)H(5) stretching band 
3069 3084 -15 IL Aromatic ring CH(2) stretching band 
2870 2873 -3 IL Aliphatic C-H stretching (sym. CH2) 
1040 1036 4 Lignin C-O 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HMIMBr 
0.84 
3141 3143 -2 IL OH stretching band of water 
3066 3076 -10 IL Aromatic ring CH(2) stretching band 
1040 1037 3 Lignin C-O stretch 
1.96 
3393 3406 -13 IL OH stretching band of water 
3080 3084 -4 IL Aromatic ring CH(2) stretching band 
1567 1571 -4 IL Ring C=C stretching 
1040 1037 3 IL C-O stretch 
837 844 -7 IL Ring C-H bending 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMCl 0.04 
3378 3368 10 Lignin Hydroxyl group of lignin 
3152 3141 11 IL Aromatic ring HC(4)H(5) stretching band 
3091 3060 31 IL Aromatic ring CH(2) stretching band 
2968 2959 9 IL Aliphatic C-H stretching (asym. CH3 
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Lignin 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
2950 2934 16 IL Aliphatic C-H stretching (asym. CH3) 
1040 1034 6 Lignin C-O stretch 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HPyrBr 1.02 
3409 3399 10 IL OH stretching of water 
3025 3047 -22 IL Aromatic ring C-H stretching band  
1040 1037 3 Lignin C-O stretch 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
“CMIMBr” 
0.038 
3378 3363 15 Lignin Hydroxyl group of lignin 
1576 1581 -5 IL Ring C=C 
1542 1548 -6 IL Ring C=C 
1463 1448 15 IL C-CH2 
1334 1331 3 IL Ring C-N 
1299 1280 19 Lignin C-O-C 
1074 1082 -8 IL Ring C-H bending 
1040 1035 5 Lignin C-O 
0.5 
3089 3093 -4 IL Aromatic ring CH(2) stretching band 
3038 3043 -5 IL Aromatic ring CH(2) stretching band 
2945 2947 -2 IL Aliphatic C-H stretching (asym. CH3) 
2834 2846 -12 IL Aliphatic C-H stretching (sym. CH3) 
2848 2846 2 Lignin Aliphatic C-H stretching band 
 
Table D-11 Shifts in IR absorption bands of quercetin:IL solutions at different water concentrations 
Quercetin 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
PMIMBr 0.038 
3057 3086 -29 IL Aromatic ring CH(2) stretching band 
1661 1654 7 Quercetin C=O stretch 
1610 1599 11 Quercetin C=O stretch 
1568 1561 7 IL C=C aromatic 
1522 1518 4 Quercetin C=C aromatic 
1380 1372 8 Quercetin C-OH aromatic (phenolic) 
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Quercetin 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
1319 1315 4 Quercetin C-OH aromatic (phenolic) 
1262 1258 4 Quercetin C-O- C ether linkage 
1015 1013 2 Quercetin C-O stretch 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMBr 0.013 
3412 3384 28 Quercetin OH phenolic group 
3272 3225 47 Quercetin OH phenolic group 
3125 3147 -22 IL Aromatic ring HC(4)H(5) stretching band 
1661 1655 6 Quercetin C=O stretch  
1610 1601 9 Quercetin C=O stretch 
1522 1518 4 Quercetin C=C aromatic 
1447 1427 20 Quercetin C=C aromatic 
1319 1316 3 Quercetin C-OH aromatic (phenolic) 
1264 1260 4 Quercetin C-O-C stretch 
1129 1101, 1086 28 Quercetin C-O-C stretch 
1014 999 15 Quercetin C-O stretch 
1013 999 14 IL Ring C-N 
942 930 12 Quercetin C-O phenolic 
HMIMBr 0.081 
3412 339 3073 Quercetin OH phenolic group 
3272 3224 48 Quercetin OH phenolic group 
3136 3150 -14 IL Aromatic ring HC(4)H(5) stretching band 
3051 3105 -54 IL Aromatic ring CH(2) stretching band 
1661 1654 7 Quercetin C=O stretch 
1610 1597 13 Quercetin C=O stretch 
1522 1507 15 Quercetin C=C aromatic 
1447 1443 4 Quercetin C=C aromatic 
1319 1312 7 Quercetin C-OH aromatic (phenolic) 
1262 1247 15 Quercetin C-O-C stretch 
1131 1127 4 Quercetin C-O-C stretch 
1014 997 17 Quercetin C-O 
942 930 12 Quercetin C-O phenolic 
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Quercetin 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
BMIMCl 0.04 
3405 3377 28 Quercetin OH phenolic group 
3278 3300 -22 Quercetin OH phenolic group 
3152 3148 4 IL Aromatic ring HC(4)H(5) stretching band 
3110 3120 -10 IL Aromatic ring HC(4)H(5) stretching band 
3091 3089 2 IL Aromatic ring CH(2) stretching band 
1661 1655 6 Quercetin C=O 
1610 1601 9 Quercetin C=O ring 
1560 1564 -4 IL C=C ring 
1521 1519 2 Quercetin C=C ring 
1449 1443 6 Quercetin C-OH phenolic 
1382 1375 7 Quercetin C-OH phenolic 
1263 1261 2 Quercetin C-O-C stretch 
1200 1194 6 Quercetin C-O-C stretch 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
HPyrBr 0.01 
3402 3390 12 Quercetin OH phenolic group 
3278 3271 7 Quercetin OH phenolic group 
3006 - - IL Aromatic ring HC(4)H(5) stretching band 
3126 - - IL Aromatic ring CH(2) stretching band 
1661 1651 10 Quercetin C=O 
1609 1596 13 Quercetin C=C ring 
1561 1559 2 Quercetin C=C ring 
1319 1315 4 Quercetin C-OH aromatic 
1240 1246 -6 Quercetin C-O-C stretch 
1167 1162 5 Quercetin C-O-C stretch 
1130 1128 2 Quercetin C-O-C stretch 
1090 1086 4 Quercetin C-O stretch 
1014 1006 8 Quercetin C-O stretch 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
“CMIMBr” 0.038 
3405 & 3278 3138 - Quercetin OH phenolic 
3047 3138 -91 IL Aromatic ring CH(2) stretching band 
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Quercetin 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
1661 1650 11 Quercetin C=O 
1610 1599 11 Quercetin C=O 
1319 1305 14 Quercetin C-OH aromatic 
1168 1154 14 Quercetin C-O-C stretch 
1012 997 15 Quercetin C-O 
IL 
IL:water  
mole ratio 
Original Peaks New Peaks Delta Shift IL/Solute Functional Group 
SMIMHSO4 0.081 
3405 disappear - Quercetin OH phenolic 
3278 disappear - Quercetin OH phenolic 
3157 3154 3 IL Aromatic ring HC(4)H(5) stretching band 
3116 3114 2 IL Aromatic ring CH(2) stretching band 
1157 1163 -6 IL S=O stretch 
1024 1023 (broad) 1 IL S=O stretch 
930 866 (broad) 64 IL S-O stretch 
SPyrHSO4 0.063 
2938 2942 -4 IL Aliphatic C-H stretching band 
1154 1142 12 IL S=O stretch 
1023 1028 -5 IL S=O stretch 
769 774 -5 IL Ring C-H bending 
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APPENDIX E: FTIR SPECTRA OF IL:WATER MIXTURES AND THEIR SHIFTS IN 
THE IR ABSORPTION BANDS 
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(d) 
Figure E-1 FTIR spectra of IL: water mixtures at different water concentrations: (a) HPyrBr:water; (b) PMIMBr:water ; (c) 
BMIMCl:water and; (d) BMIMBr:water mixtures 
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wavenumbers
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(d) 
Figure E-1 FTIR spectra of IL: water mixtures at different water concentrations: (a) HMIMBr:water; (b) “CMIMBr”:water ; (c) 
SMIMHSO4:water and; (d) SPyrHSO4:water mixtures 
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Shifts in IR absorption bands of IL:water mixtures 
 
Table E-1 Shifts in IR absorption bands of HPyrBr:water mixtures  
Mole ratio of water:HPyrBr functional group 
0.01:1 0.05:1 0.1:1 0.5:1 1:1 2:1 
- - 3413 3420 3409 3410  OH stretching band of water 
3023 3023 3023 - (broad) - (broad) - (broad)  Aromatic ring C-H stretching band 
3007 3007 3077 - (broad) - (broad) - (broad)  Aromatic ring C-H stretching band 
2953 2953 2953 2955 (broad) 2955 (broad) 2956 (broad)  Aliphatic C-H stretching (asym. CH3) 
2928 2929 2929 2930 (broad) 2929 (broad) 2931 (broad)  Aliphatic C-H stretching (asym. CH2) 
2860 2862 2861 2858 broad 2859 broad 2860 broad  Aliphatic C-H stretching (sym. CH2) 
 
Table E-2 Shifts in IR absorption bands of PMIMBr:water mixtures 
Mole ratio of water:PMIMBr functional group 
0.038:1 0.099:1 0.46:1 0.94:1 1.97:1 
3434 3437 3409 3410 3395 OH stretching band of water 
3138 3139 3140 3142 3145 Aromatic ring HC(4)C(5)H stretching band 
3057 3060 3065 3074 3079 Aromatic ring C(2)H stretching band 
2964 2964 2965 2966 2967 Aliphatic C-H stretching (asym. CH3) 
2876 2876 2877 2878 2878 Aliphatic C-H stretching (sym. CH2) 
 
Table E-3 Shifts in IR absorption bands of BMIMBr:water mixtures 
Mole ratio of water:BMIMBr functional group 
0.013:1 0.028:1 0.092:1 0.51:1 1:1 2:1 
- - 3448 3403 3433 3176-3278  OH stretching band of water 
3126 3125 3126 3139 3141 -  Aromatic ring HC(4)C(5)H stretching 
band 
3082 3082 3082 3065 3071 -  Aromatic ring C(2)H stretching band 
2963 2962 2962 2958 2959 2955 Aliphatic C-H stretching (asym. CH3) 
2933 2932 2932 2934 - - Aliphatic C-H stretching (asym. CH2) 
2868 2868 2868 2872 2873 2872 (weak)  Aliphatic C-H stretching (sym. CH2) 
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Table E-4 Shifts in IR absorption bands of HMIMBr:water mixtures 
Mole ratio of water:HMIMBr functional group 
0.081:1 0.1:1 0.36:1 0.84:1 1.96:1 
3416 3411 3406 3404 3393  OH stretching band of water 
3138 3141 3141 3141 3146  Aromatic ring HC(4)C(5)H stretching band 
3060 3062 3077 3072 3080  Aromatic ring C(2)H stretching band 
2954 2955 2956 2955 2955  Aliphatic C-H stretching (asym. CH3) 
2929 2929 2930 2929 2930  Aliphatic C-H stretching (asym. CH2) 
2857 2858 2858 2858 2859  Aliphatic C-H stretching (sym. CH2) 
 
Table E-5 Shifts in IR absorption bands of BMIMCl:water mixtures 
Mole ratio of water:BMIMCl functional group 
0.04:1 0.078:1 0.47:1 0.93:1 1.93:1 
- - 3382 3375 3374  OH stretching band of water 
3113 3118 3141 3142 3144  Aromatic ring HC(4)C(5)H stretching band 
3091 3084 3064 3063 3074  Aromatic ring C(2)H stretching band 
2969 2969 (broad) 2959 (broad) 2959 (broad) 2960 (broad)  Aliphatic C-H stretching (asym. CH3) 
2936 2938 2935 (broad) 2935 (broad) 2935 (broad) Aliphatic C-H stretching (asym. CH2) 
2873 2872 2873 (broad) 2873 (broad) 2873 (broad)  Aliphatic C-H stretching (sym. CH2) 
2850 2838 - - -  Aliphatic C-H stretching (sym. CH2) 
 
Table E-6 Shifts in IR absorption bands of SMIMHSO4:water mixtures 
Mole ratio of water:SMIMHSO4 functional group 
0.081:1 0.995:1 
3400 (broad) 3348 (broad)  OH stretching band of water 
3153 3155 (broad)  Aromatic ring HC(4)C(5)H stretching band 
3113 3116 (broad)  Aromatic ring C(2)H stretching band 
2937 2958 (broad)  Aliphatic C-H stretching (asym. CH3) 
2877 2877 (broad)  Aliphatic C-H stretching (sym. CH2) 
1165 broad 1169 broad  S=O stretching (asym.) 
1028 broad 1038  S=O stretching (sym.) 
900 -  S-O stretching 
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Table E-7 Shifts in IR absorption bands of SPyrHSO4:water mixtures 
Mole ratio of water:SPyrHSO4 functional group 
0.063:1 0.996:1 
3400 (broad) 3417-3247 (broad)  OH stretching band of water 
3136 3135  Aromatic ring C-H stretching band 
3088 3088 (broad)  Aromatic ring C-H stretching band 
3069 3068  Aromatic ring C-H stretching band 
2938 2931  Aliphatic C-H stretching (asym. CH3) 
2874 2873  Aliphatic C-H stretching (sym. CH2) 
1154, 1119  1168, 1159  S=O stretching (asym.) 
1023 1035   S=O stretching (sym.) 
875 (broad) 874   S-O stretching 
 
Table E-8 Shifts in IR absorption bands of “CMIMBr”:water mixtures 
Mole ratio o f “CMIMBr”:water  functional group 
0.038:1 0.5:1  
- 3405  OH stretching band of water 
3116 3119  Aromatic ring HC(4)C(5)H stretching band 
3084 3089  Aromatic ring C(2)H stretching band 
3047 3038 
2945 2945 (broad)  Aliphatic C-H stretching (asym. CH3) 
2835 2834 (broad)  Aliphatic C-H stretching (sym. CH2) 
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APPENDIX F: RECOVERY OF KEY COMPONENT 
FROM A SINGLE COMPONENT SYSTEM  
Extraction of sucrose 
wavenumbers
4000 3500 3000 2500 2000 1500 1000 500
tr
a
n
s
m
it
ta
n
c
e
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
CMIMBr
Recovered CMIMBr from sucrose extraction
 
Figure F-1 Recovered “CMIMBr” from sucrose extraction 
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Figure F-2 Recovered PMIMBr from sucrose extraction 
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Figure F-3 Recovered BMIMBr from sucrose extraction 
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Figure F-4 Recovered HMIMBr from sucrose extraction 
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Figure F-5 Recovered BMIMCl from sucrose extraction 
 
Extraction of cellulose 
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Figure F-6 Recovered “CMIMBr” after cellulose extraction 
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Figure F-7 Recovered PMIMBr after cellulose extraction 
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Figure F-8 Recovered BMIMCl after cellulose extraction 
APPENDIX         Pajaree Kewcharoenwong 
 
334 
APPENDIX G: RECOVERY OF COMPONENTS FROM 
A REAL FOOD SYSTEM 
Characterisation of reference materials 
 
White chocolate 
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Figure G-1 TG-DSC of white chocolate 
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Figure G-2 FTIR of white chocolate 
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Milk chocolate 
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Figure G-3 TG-DSC of milk chocolate 
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Figure G-4 FTIR of milk chocolate 
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Extraction of fat from chocolate using “CMIMBr” 
Extracted fat from white chocolate 
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Figure G-5 TG-DSC of extracted fat from white chocolate using “CMIMBr” 
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Figure G-6 FTIR of extracted fat from white chocolate 
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Extracted fat from milk chocolate 
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Figure G-7 TG-DSC of fat from milk chocolate 
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Figure G-8 FTIR of fat from milk chocolate 
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Extraction of fat from chocolate using PMIMBr 
Extracted fat from white chocolate 
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Figure G-9 TG-DSC of extracted frat from white chocolate 
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Figure G-10 FTIR of extracted frat from white chocolate 
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Extracted fat from milk chocolate 
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Figure G-11 TG-DSC of extracted fat from milk chocolate 
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Figure G-12 FTIR of extracted fat from milk chocolate 
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APPENDIX H: ANIMAL AND VEGETABLE FATS AND 
OILS: DETERMNATION OF ACID VALUE AND 
ACIDITY (BSI EN ISO 660:2000)  
 
Preparation of test sample 
 
This procedure follows the standard BS EN ISO 5509:2001 (Animal and vegetable fats and oils- 
Preparation of methyl esters of fatty acids) (245). Preparation of oil sample involves mixing, heating, 
filtering and removal of water with anhydrous sodium sulfate. In the case where sample is liquid, it can 
be mixed by stirring or shaking to achieve homogeneous test sample straightaway. If the sample is 
solid at room temperature, heating the sample at 10°C above its melting point is required prior to 
other treatment.  
 
After achieving a homogeneous sample, the sample is filtered to remove any sediments. Sodium 
sulfate (1-2 g per 10 g of oil sample) is mixed with the sample to remove water. Finally, sodium sulfate 
is removed from the sample by filtration. 
 
Determination of acid value 
 
Principle of the determination is that test portion is dissolved in hot ethanol and titrated with aqueous 
solution of NaOH or KOH. 
 
Reagents 
 Ethanol (min 95%, v/v) 
 Sodium or potassium hydroxide, 0.1 mol/L 
 Phenolphthalein (10 g/L solution in ethanol) 
 Alkali blue 6B (20 g/L solution in ethanol) 
 
Apparatus 
 Microburette (10 ml), 0.02 ml subdivisions 
 Balance  
 
Determination procedure 
 
 Add 50 ml of ethanol with 0.5 ml phenolphthalein indicator solution 
 Heat to boiling and keep the temperature of the sample above 70°C 
 Neutralise the ethanol with 0.1 mol/L of KOH until there is a definite colour change for 15 sec 
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 Add neutralised ethanol to the oil sample 
 Bring the mixture to boil 
 Titrate with KOH solution until a definite colour change is obtained for 15 sec. 
 
Calculation of acid values and acidity 
 
Acid value 
 
Acid value is number of milligrams of KOH required to neutralise the FFA present in 1 g of fat and can 
be calculated by: 
 
                                     Acid value = (56.1 x V xc)/m                                                     (E.q. H.1) 
where 
V = volume in ml of standard volumetric soldium or potassiou hydroxide solution used 
C = the exact concentration in mol/L of the standard volumetric sodium or potassiou hydroxide 
solution used 
m = mass in g of the test portion 
 
Acidity 
 
Acidity is content of FFA (% by mass) and is calculated by: 
                                     Acidity = (VxcxM)/(10xm)                                                         (E.q. H.2) 
 
Where 
V = volume in ml of standard volumetric soldium or potassiou hydroxide solution used 
C = the exact concentration in mol/L of the standard volumetric sodium or potassiou hydroxide 
solution used 
m = mass in g of the test portion 
M = the molar mass in g/mol of the acid chosen for expression 
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APPENDIX I: CHARACTERISATION DATA FOR 
FATTY ACID METHYL ESTERS CATALYSED BY IL 
MIX 
Esterification of single fatty acids in IL mix (HPyrBr/SMIMHSO4) 
 
Single fatty acid methyl esters (FAMEs) catalysed by HPyrBr/SMIMHSO4 were analysed to confirm the 
production of esters in their pure forms, and the detailed characterisation data and interpretation for each methyl 
ester are included in the following section. Their chemical structures are shown as: 
O
O      
O
O  
(a) Methyl palmitate                                           (b) Methyl stearate 
O
O
           
O
O
 
(c) Methyl oleate                                                (d) Methyl linoleate 
 
Methyl palmitate: was obtained as white solid at 90.40% yield. The FTIR analysis of methyl palmitate (as melted 
liquid on NaCl plate) shows the bands at 2950 (asymmetric CH3), 2924 (asymmetric CH2), 2854 (symmetric CH2), 
1742 (C=O), 1150 (C-O), 1462 (CH2 bending), 1380 (CH2 wagging) and 721 (CH2 rocking), which are consistent 
with the structure for methyl palmitate. Thermogravimetric analysis (TG-DSC at 20-700°C  in N2 atmosphere with 
heating rate of 10°C min 
-1
) shows that melting point, onset decomposition temperature and boiling point of 
methyl palmitate are 36.4°C, 217.4°C and 265.2°C respectively. Thin layer chromatography of methyl palmitate in 
5:1 petroleum ether to ethyl acetate gives Rf value of 0.78. Elemental analysis shows the following detection: C: 
76.68%, 76.38%, H: 12.96%, 13.27%, N: 0%.HNMR (600MHz, MeOD): δ = 3.6 (3H, t, O-CH3), 2.3 (2H, t, CH2), 
1.6 (2H, m, CH2), 1.3 (24H, m, CH2x12), 0.9 (3H, t, C-CH3). MS: m/z (CI) 288.5 (M+NH4, 100%).  
 
Methyl stearate: was obtained as white solid at 91.18% yield. The FTIR analysis of  methyl stearate (as melted 
liquid on NaCl plate) shows the bands at 2920 (asymmetric CH2), 2850 (symmetric CH2), 1743 (C=O), 1460 (CH2 
bending), 1380 (CH2 wagging), 1180 (C-O), 721 (CH2 rocking), which are consistent with the chemical structure 
of methyl stearate. Thermogravimetric analysis (TG-DSC at 20-700°C in N2 atmosphere with heating rate of 10°C 
min 
-1
): melting point, onset decomposition temperature and boiling point of methyl stearate are 38.5°C, 231°C 
and 292°C respectively. Thin layer chromatography of methyl stearate in 5:1 petroleum ether to ethyl acetate 
gives Rf value of 0.75.  Elemental analysis shows the following detection:  C: 77.62%, 77.38%, H: 12.67%, 
12.60%, N: 0%. HNMR (600MHz, MeOD): δ = 3.66 (3H, t, O-CH3), 2.28 (2H, t, CH2), 1.61 (2H, m, CH2), 1.48 
(28H, m, CH2x14), 0.88 (3H, t, C-CH3). ). MS: m/z (CI) 316.5 (M+NH4, 100%). 
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Methyl oleate: was obtained as colourless liquid at 82.62% yield. The FTIR analysis of  methyl oleate (as liquid 
thin film on NaCl plate) shows the bands at 3005 (=C-H stretch), 2924 (asymmetric CH2), 2854 (symmetric CH2), 
1743 (C=O), 1680 (C=C stretch), 1462 (CH2 bending), 1362 (CH3 bending), 1173 (C-O), 725 (=C-H bend), which 
are consistent with the chemical structure of methyl oleate. Thermogravimetric analysis (TG-DSC at 20-700°C in 
N2 atmosphere with heating rate of 10°C min 
-1
) shows that onset decomposition temperature and boiling point of 
methyl oleate are 229°C and 282°C respectively. Thin layer chromatography of methyl oleate in 7:5 petroleum 
ether to ethyl acetate give Rf value of 0.83. Elemental analysis shows the following detection: C: 77.57%, 77.32%, 
H: 12.81%, 12.52%, N: 0%. HNMR (600MHz, MeOD): δ = 5.35 (2H, t, C=CH x 2), 3.6 (3H, t, O-CH3), 2.3 (2H, m, 
OC-CH2), 2.0 (4H, m, C-CH2 x2), 1.6 (2H, t, CH2), 1.3 (20H, m, CH2x10), 0.9 (3H, t, C-CH3). MS: m/z (CI) 314.4 
(M+NH4, 100%). 
 
Methyl linoleate: was obtained as colourless liquid at 67% yield. The FTIR analysis of methyl 
linoleate (as liquid thin film on NaCl plate) shows the bands at 3008 (=C-H stretch), 2927 (asymmetric 
CH2), 2854 (symmetric CH2), 1743 (C=O), 1650 (C=C stretch), 1462 (CH2 bending), 1362 (CH3 
bending), 1173 (C-O), 725 (=C-H bend), which are consistent with the chemical structure of methyl 
linoleate. Thermogravimetric analysis (TG-DSC at 20-700°C in N2 atmosphere with heating rate of 
10°C min 
-1
) shows that onset decomposition temperature and boiling point of methyl linoleate are 
230°C and 280°C respectively. Thin layer chromatography of methyl linoleate in 7:5 petroleum ether 
to ethyl acetate give Rf value of 0.53. Elemental analysis shows the following detection: C: 76.29%, 
76.51%, H: 11.62%, 11.50%, N: 0%. HNMR (600MHz, MeOD): δ = 5.35 (4H, t, C=CH x 4), 3.65 (3H, t, 
O-CH3), 2.77 (2H, m, C-CH2), 2.30 (2H, m, CO-CH2), 2.06 (4H, t, C-CH2 x2), 1.6 (2H, m, CH2), 1.3 
(14H, m, CH2 x7), 0.9 (3H, t, C-CH3). MS: m/z (CI) 312.5 (M+NH4, 100%). Note that only methyl 
linoleate sample esterified at room temperature under N2 atmosphere is given here as the rest of the 
methyl linoleate samples esterified under N2 had identical 
 
The following section shows the spectral data of each fatty acid methyl ester. 
 
Methyl Palmitate catalysed by HPyrBr/SMIMHSO4 
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Figure I-1 TG-DSC of methyl palmitate catalysed by HPyrBr/SMIMHSO4 
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Figure I-2 FTIR of methyl palmitate catalysed by HPyrBr/SMIMHSO4 
 
 
Figure I-3 MS of methyl palmitate catalysed by HPyrBr/SMIMHSO4 
 
 
Figure I-4 NMR of methyl palmitate catalysed by HPyrBr/SMIMHSO4 
APPENDIX         Pajaree Kewcharoenwong 
 
 
345 
Methyl Stearate catalysed by HPyrBr/SMIMHSO4 
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Figure I-5 TG-DSC of methyl stearate catalysed by HPyrBr/SMIMHSO4 
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Figure I-6 FTIR of methyl stearate catalysed by HPyrBr/SMIMHSO4 
APPENDIX         Pajaree Kewcharoenwong 
 
 
346 
 
 
 
 
Figure I-7 MS of methyl stearate catalysed by HPyrBr/SMIMHSO4 
 
 
 
Figure I-8 NMR of methyl stearate catalysed by HPyrBr/SMIMHSO4 
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Methyl Oleate catalysed by HPyrBr/SMIMHSO4 
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Figure I-9 TG-DSC of methyl oleate catalysed by HPyrBr/SMIMHSO4 
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Methyl oleate catalysed by HPyrBr/SMIMHSO4
 
Figure I-10 FTIR of methyl oleate catalysed by HPyrBr/SMIMHSO4 
 
Figure I-11 MS of methyl oleate catalysed by HPyrBr/SMIMHSO4 
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Figure I-12 NMR of methyl oleate catalysed by HPyrBr/SMIMHSO4 
 
 
Methyl Linoleate catalysed by HPyrBr/SMIMHSO4 
 
Esterification of linoleic acid in air at 80°C 
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Figure I-13 TG-DSC of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in air at 80°C) 
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wavenumbers
4000 3500 3000 2500 2000 1500 1000 500
tr
a
n
s
m
it
ta
n
c
e
0
0.2
0.4
0.6
0.8
1
Methyl linoleate catalysed by HPyrBr/SMIMHSO4 at 80C in air
 
Figure I-14 FTIR of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in air at 80°C) 
 
Figure I-15 MS of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in air at 80°C) 
 
 
Figure I-16 NMR of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in air at 80°C) 
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Esterification of linoleic acid in N2 at 20°C 
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Figure I-17 TG-DSC of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 20°C) 
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Methyl linoleate catalysed by HPyrBr/SMIMHSO4 at room temperature in  N2
 
Figure I-18 FTIR of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 20°C) 
 
 
Figure I-19 NMR of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 20°C) 
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Esterification of linoleic acid in N2 at 30°C 
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Figure I-20 TG-DSC of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 30°C) 
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Methyl linoleate catalyed by HPyrBr/SMIMHSO4 at 30C in nitrogen
 
 
Figure I-21 FTIR of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 30°C) 
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Figure I-22 MS of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 30°C) 
 
 
Figure I-23 NMR of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 30°C) 
APPENDIX         Pajaree Kewcharoenwong 
 
 
353 
Esterification linoleic acid in N2 at 60°C 
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Figure I-24 TG-DSC of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 60°C) 
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Methyl linoleate catalysed by HPyrBr/SMIMHSO4 in N2 at 60C
 
Figure I-25 FTIR of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 60°C) 
 
Figure I-26 MS of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 60°C) 
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Figure I-27 NMR of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 60°C) 
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Figure I-28 TG-DSC of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 80°C) 
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Methyl linoleate catalysed by HPyrBr/SMIMHSO4 in N2 at 80C
 
Figure I-29 FTIR of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 80°C) 
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Figure I-30 MS of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 80°C) 
 
 
 
Figure I-31 NMR of methyl linoleate catalysed by HPyrBr/SMIMHSO4 (esterification in N2 at 80°C) 
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APPENDIX J: GS/MS CHROMATOGRAMS OF FAMEs  
 
GC/MS of mixed FAMEs following esterification of mixed fatty acids catalysed by 
HPyrBr/SMIMHSO4 
1. C16:0   Methyl palmitate
2. C18:0   Methyl stearate
3. C18:1   Methyl oleate
4. C18:2   Methyl linoleate
1
2
3
4
 
 
Figure J-1GC/MS chromatogram of mixed FAME catalysed by HPyrBr/SMIMHSO4 
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(a) 
 
(b) 
 
(c) 
Figure J-2 CI+ Mass spectra of mixed FAME catalysed by HPyrBr/SMIMHSO4 at retention time of (a) 6.62 
min; (b) 7.18 min; and (c) 7.19 min 
APPENDIX         Pajaree Kewcharoenwong 
 
 
358 
 
 
 
Figure J-3 CI+ Mass spectra of mixed FAME catalysed by HPyrBr/SMIMHSO4 at retention time of 7.26 min 
 
GC/MS of FAMEs derived from extraction and esterification of free fatty acids from waste 
cooking oil using HPyrBr/SMIMHSO4 
 
1. C16:0   Methyl palmitate
2. C18:1   Methyl oleate
3. C18:0   Methyl stearate
4. C18:2   Methyl linoleate
5. C18:3   Methyl linolenate
6. Di-ocyl phthalate
1
2
5
3
4
6
 
Figure J-4 GC/MS chromatogram of FAMEs from simulated waste cooking oil using IL mix (enlarged) 
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(a) 
 
(b) 
 
(c) 
Figure J-5 CI+ Mass spectrum FAMEs from simulated waste cooking oil using IL mix at retention times of 
(a) 6.63 min, (b) 7.18 min; and (c) 7.25 min.  
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(a) 
 
(b) 
Figure J-6 CI+ mass spectrum at retention times of (a) 7.79 min & (b) 7.93 min  
 
